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ABSTRACT 

The e l l i p t i c  orb i t  s a t e l l i t e  Explorer XI1 made possible 

R.R well as the  region of t ransi t ion between the magnetosphere 

and interplanetary space on the sunward side of the ear th  

using a var ie ty  of par t ic le  and magnetic f i e l d  detectors.  

A cmprehensive analysis of the data received from the S.U.I. 

detectors dur ing  the en t i re  112 day l i fe t ime has been performed. 

Salient features observed include: confirmation of the enhance- 

ment of sof t  electron fluxes and diminution of hard electron 

fluxes i n  the m t e r  zone d u r i n g  magnetically disturbed times; 

the  outward motion of the outer zone hard electron maximum 

during periods of enhancement; confirmation of the general 

Chapman and Ferraro picture of a well defined magnetosphere 

with canpression of the  geamagnetic f i e l d  during the i n i t i a l  

phases of magnetic storms; the existence of a layer of quasi- 

thermalized plasma immediately out side the magnetosphere; 

confirmation of the r e su l t  of Frank and Van Allen tha t  the 

contours of constant counting rate f o r  E - > 40 keV electrons 
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tend t o  protrude outward near 90’ from the sub-solar point and 

draw closer t o  the earth on the night side; and general support 

f O r  the re6’3l.t Of Gringauz K u r t ,  MOrGz and Shklwskii  that 

there ex is t s  a region beyond sane 8 Re on the night side of the 

ear th  daminated by very low energy electrons,  L / r H d X  
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I INTRODUCTION 

Early estimates of the sof t  electron fluxes i n  the outer 

zone were based on measurements made with detectors whose primary 

electron sens i t iv i ty  was t o  par t ic les  exceeding a MeV i n  energy, 

Largely under the impetus of observed auroral  electron spectrums 

and p laus ib i l i ty  arguments, it was assumed tha t  the response of 

these detectors was in the main the r e su l t  of bremsstrahlung frm 

non-penetrating electrons. 

average energy of electrons was of the order of 50 keV), it was 

generally estimated that  the m i d i r e c t i o n a l  intensity,  Jo, of 

electrons of energy E 7 20 keVwas of the order of 10 t o  10 

electrons/cm 

Under such assumptions ( tha t  the  

9 11 

6ec can Allen and Frank, 1959; Amoldy, Hof‘f’man, 2 

&yz yiEcuer, 19&; F ~ ~ ,  1deyer, aE-. s ~ ~ ~ ~ ~ ~ ~ ,  1961; ire----- V C L l l U V ,  

Chudakov, Vakulov, Togachev, and Nikolayev, 1 9 g ,  

The second Soviet cosmic rocket ( N i k  11) provided an 

indication that existing sof t  electron flux estimates f o r  the  

outer zone should be re-evaluated when Vernov and h i s  co-workers 

Dgg reported an in tens i ty  of - 5 x 10 5 2 1 t o  2 MeV electrons/cm 

sec and Gringauz /Isq 
7 10 electrons of energy 

(geocentric distance) , 

and h i s  co-workers reported l e s s  than 

E > 200 eV/cm2 sec out t o  61,000 lan 
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U s i n g  data from an Anton 302 Geiger tube and an ionization 

chamber flown on Ekplorer V I ,  Arnoldy, Hoffman, and Winckler, i n  

a preliminary report Bgg showed an apparent decrease i n  the 

outer zone intensi ty  during periods of intense magnetic ac t iv i ty .  

They at t r ibuted the response of these detectors t o  bremsstrahlung 

f rm electrons of energy of the order of 50 keV. 

Explorer V I  data  from a sc in t i l l a t i on  counter Rosen and Farley 

,@g observed an enhancement of t h e  sof t  electron component of 

the outer zone during magnetically disturbed times. Van m e n  

Egg and Forbush, Pizzella, and Venkatesan j ' 1 9 q ,  using 

Ekplorer VI1 data, reported an apparent diminution i n  the hard 

camponent of the outer zone with magnetic act ivi ty .  

Also using 

However, the question of absolute f l u e s  fo r  electrons i n  

the 50 keV energy range i n  the outer zone w a s  not se t t led  

unambiguously u n t i l  t h e  launching of Explorer X I I ,  which carried 

on the State University of Iowa experiment an electron spectrometer 

w i t h  pass bands in the 50 keV and 100 keV range as well as t o t a l  

energy flux detectors capable of sensing electron energy fluxes 

consisting of electrons of energies as l o w  as a few hundred eV. 

In  a preliminary paper based on Ekplorer X I 1  data  frm 

5 September 1961, O'Brien, Van Allen, Iaughlin, and Frank / r s q  
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reported that the omnidirectional intensi ty  of electrons of energy 

greater than 40 keV was of the order of 10 

energy between 1.6 and 5 MeV, 2 x 10 

Rosser, O'Brien, Van Allen, Frank, and Laughlin / T g g .  

recently, Frank, Van Allen, Whelpley, and Craven @w, using 

EScplorer XIV data, have derived the following sample estimates 

of the  uuter radiation zone electron in tens i t ies  at  39,000 Inn 

geocentric distance : 

8 2 electrons/cm /sec of 

5 2 electrons/cm sec; a lso see 

More 

8 2  

6 2  

Jo (Ee 2 40 keV) = 1.5 x 10 /cm sec 

Jo (Ee - > 230 keV) - < 1.5 x 10 /cm sec 

Jo (E - 7 1.6 MeV) = 2 x 105/cm2 sec. 

In addition t o  yielding new measurements on the average 

absolute electron in tens i t ies  on the outer radiation zone, 

Fxplorer X I I ,  during i t s  112-day lifetime, provided extensive data 

on the  temporal and spa t i a l  variations of the electron fluxes i n  . 

the  outer zone as well as the region of interaction between the 

magnetosphere and the solar wind. 

analysis of these data tha t  t h i s  paper i s  addressed. 

It i s  t o  the presentation and 
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11. THE EXPERIMENT 

Explorer X I 1  (1961 Upsilon, see Figure 1) w a s  launched a t  

0321 U.T. on August 16, 1961, in to  an orb i t  with apogee approxi- 

mately 83,600 km, perigee 6,700 km (geocentric distance), 

inclination 33", and period 26.5 hours. 

t o  right ascension 47.0" and declination -27.5"* 

w i t h  the spin axis, % , varied f r m  105" a f t e r  launch t o  a maximum 

of 13.35" i n  mid-October. 

30.5 RPM i n  mid-October, at which time it w a s  increasing. 

Her spin axis  extended 

The sun angle 

Her spin r a t e  increased from 27.8 RPM t o  

The angle between the sa te l l i t e -ear th  l i n e  a t  apogee and 

the earth-sun l i n e  projected on the equatorial  plane of the earth,  

i.e., the longitudinal difference between the apogee sub-satel l i te  

point and sub-solar point, varied from -4" on August 16 t o  + l O 3 "  on 

December 6, when the active l i f e  of the s a t e l l i t e  ended (see 

Figure 2). 

apogee sub- s a t e l l i t e  point and the sub- solar point varied slowly 

fram -te8" t o  -18". 

sub-satell i te point and are  considered posi t ive or negative i n  the  

standard la t i tude  and longitude sense. Hence, during the  f irst  

few weeks, apogee w a s  within 30" of the solar direction. 

the ear th 's  rotat ion about the sun, apogee moved away from the 

Similarly, the l a t i t ud ina l  difference between the 

These angles a re  referenced t o  the apogee 

Due t o  
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solar direction a t  a r a t e  of 0.95 degree/day. 

transmission ended on December 6, 1961, it had reached approximately 

100' from the solar direction. 

By the time tha t  

The State  University of Iowa detector complement of 

Ekplorer XI1 consists of the following charged pa r t i c l e  detectors:  

-- an electron energy spectrometer channel with pass band 

40 keV - -  < E < 50 keV. 

focussed in to  a mica-window, Anton 213 G.M. tube surrounded 

except f o r  the entrance aperture by 3.5 g/m2 of lead 

E. D. ~aughl in ,  private c m u n i c a t i o q .  

pass band 80 keV - -  < E < 100 keV. 

Here, electrons a re  magnetically 

-- a second energy channel for the above spectrometer with 

-- a background detector for the above two spectrometer 

channels. This detector i s  an Anton 213 G.M. tube 

surrounded completely by at l e a s t  3.5 gm/cm2 of lead. 

van Allen @E37 estimates a n  efficiency, E, of 

3 x 
monoenergetic electrons incident on t h i s  detector. 

t h i s  energy the estimated electron efficiency falls 

monotonically t o  

a re  detectable with high efficiency. 

E > 1.6 MeV and protons E L 7 20 MeV E. A .  Frank, private  

carmnunicat i o g  and indirectly through bremsstrahlung t o  

electrons of E 30 keV. 

counts/second per electron/cm2 second f o r  10 MeV 

Below 

a t  2 MeV. Protons of E - > 40 MeV 

-- an Anton 302 G.M. tube sensitive d i rec t ly  t o  electrons 

CdSTE -- a CdS crystal  energy flux detector sensit ive t o  energy 
2 fluxes exceeding 1 erg/cm sec s t e r  consisting of electrons 
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of energy E 2 200 eV or protons of energy E > 1 keV or 
ions of similar energy. 

photoconductive single c rys ta l  of CdS mounted i n  a 

cylindrical  lead shield si tuated behind a ser ies  of beam- 

collimating and l ight-baffl ing apertures. 

provides a zero-absorber, c i rcu lar  solid angle of 10 

steradians. 

solid angle i s  covered by approximately 1 g/cm 

magnesium and the remaining I2 steradians by at  least 

2.6 g/cm2 of lead (see Figure 3 )  b e e m a n ,  19q. 

This detector consists of a bare 

The aperture 
-2 

An additional 0.66 steradian of the c rys t a l  
2 of 

CdSB -- a CdS crys ta l  energy f lux  detector ident ical  t o  CdSTE 

except f o r  a small '%room" magnet which removes electrons 

of energy E - > 250 keV and protons of energy E 2 400 e V  

frm the beam incident on the c rys ta l .  The magnet provides 

a f i e l d  of 500 gauss which w i t h  the  detector geometry re- 

duces the electron flux from a T Q204 source by be t t e r  than 

go$. 
angle of 0.5 steradian a t  the c rys ta l .  This solid angle 

l i e s  within the 0.66 steradian cone of the 1 g/cm 

shielding. 

2 The magnet i s  5 g/cm thick and subtends a solid 

2 

CdSc%II =- a CdS crys ta l  detector ident ical  t o  CdSTE except f o r  a 
2 2 mm thick (0.55 g/cm ) transparent quartz window. This 

detector selves a s  a l i g h t  and x-ray background detector 

for  the other two CdS detectors.  

Note tha t  the energy per pa r t i c l e  lower l i m i t  of s ens i t i v i ty  

quoted above f o r  electrons and protons incident on the CdSTE 

detector i s  not sharp, but merely represents declining eff ic iency 

due t o  c rys ta l  surface e f fec ts .  A n  upper limit a lso  occurs when 
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par t i c l e  energy reaches the point of complete penetration of the 

crystal .  

electrons and 8 MeV f o r  protons. 

For a typical  crystal  th i s  occurs a t  about 200 keV f o r  

Figure 4 shows a sens i t iv i ty  

curve fo r  electrons. Previous investigation has shown t ha t  the  

msximUm sens i t iv i ty  (see caption of Figure 4 f o r  def ini t ion of 

sens i t iv i ty)  i s  neaxly the same for electrons, protons, alpha 

par t ic les ,  and x-rays Ereeman, l 9 a .  Unless otherwise stated, 

maxirmun efficiency par t ic les  w i l l  always be assumed t o  determine the 

CdS derived energy f lux.  

lower limits~. 

"his means tha t  quoted energy fluxes are 

For the selected CdS crystals used i n  the f l i g h t  modules, 

c rys t a l  conductivity i s  very nearly l inear  with energy input. 

The current resul t ing frcxn the crystal  photoconductivity i s  

monitored by a neon-glow tube relaxatlon osc i l la tor  whose ouipui 

frequency i s  l i nea r  w i t h  c rys ta l  current. 

The calibrated sens i t iv i t ies  of the CdSTE and CdSB detectors 

a re  nearly the same for  maximum efficiency par t ic les ;  however, when 

the  responses of the two detectors are cmpared, the  response of 

CdSB is always normalized t o  that of CdSTE i n  order t ha t  re la t ive  

energy fluxes can be cmpared directly.  

CdSB detector i n  f l i gh t  was higher than during laboratory calibra- 

The dark current of the 

t ions.  "his shift  i n  dark current has not been adequately 

I 
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explained; however, there i s  no evidence t o  indicate a corresponding 

d r i f t  i n  the detector efficiency . 
The CdS detectors are a l so  sensit ive m i d i r e c t i o n a l l y  t o  

penetrating radiation such as  electrons E & 3 MeV, protons 

E b30 MeV, and x-rays E 

of the detector de t a i l s .  

2 200 keV. Table I gives a compilation 

A l l  of the above detectors are direct ional  detectors, except 

the 302 and SpB. 

These direct ional  detectors a re  mounted with t h e i r  look axes 

normal t o  the spin axis  of the s a t e l l i t e  as sham diagramatically i n  

Figure 5 .  

Since the count accumulation in te rva l  i s  10.24 seconds and 

the spin r a t e  approximately 30 RPM, the s a t e l l i t e  ro ta tes  about 

i t s  axis approximately 5 times during each accumulation interval .  

During these 5 rotations,  the direct ional  detectors have 

repeatedly swept out a band on the c e l e s t i a l  sphere whose plane 

i s  normal t o  the spin axis of the s a t e l l i t e .  

detectors and the  spectrometer channels, t h i s  band i s  approximately 

12' and 6"  wide, respectively. 

detectors represent direct ional  time averages over the specified 

region of the s k y  taken over a period of 10.24 seconds. 

makes precise d i r ec t  ional r e  solution impos s i b l e  ; however, 

For the  CdS 

Thus, the count-rates of these 

This 
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generalizations can be made regarding the relationship between 

count-rates and the magnetic f i e l d  direction. 

between the magnetic f i e ld  vector ?and the spin axis of the 

s a t e l l i t e  (as sham i n  Figure 5 )  and 0 i s  the azimuthal angle 

between the detector direction and the plane containing the F 

the spin axis, then 8, the angle between the detector direct ion 

and the f i e l d  vector F 

If a i s  the angle 

-3 and 

* i s  given by 

COS 8 = s in  a cos 0 . (1) 

Here 0 may be given by 

2 r t  ~ r 0 = -  
T 

where t i s  time, T i s  the period of the s a t e l l i t e  spin, approximately 

2 seconds, and 2 is an arb i t ra ry  angle. 

From this, it can be seen t h a t  the limits of 8 are determined 

by a! through 

COS 8 = - + s in  a . ( 3 )  

Figure 6 i l l u s t r a t e s  graphically the values of 8 swept out by the  

direct ional  detectors, during one cmplete revolution, f o r  a l l  

possible values of a.  

values of 8 a re  sampled, i.e., par t ic les  having a l l  possible 

p i t ch  angles can enter the directional detectors.  

Note t h a t  when a has the value of goe, al l  

A s  Q increases 
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or decreases from 90" par t ic les  with very low pitch angles a re  

progressively excluded from the detectors.  

a = 45" only par t ic les  with pi tch angles greater than 45" and 

l e s s  than 135" can be sampled. A t  a = 0" or 180" only pa r t i c l e s  

m o v i n g  normal t o  the magnetic f i e l d  can be seen by the 

directional detectors. 

For example a t  

Whether or not a charged pa r t i c l e  moving along a l i n e  of 

geomagnetic force with constant magnetic moment w i l l  be reflected 

before encountering the ear th ' s  atmosphere can be determined by 

specifying the equatorial pi tch angle of the par t ic le .  

l ine  of force a c r i t i c a l  angle, BD, ex i s t s  such that a l l  pa r t i c l e s  

having equatorial pi tch angles l e s s  than BD w i l l  be "dumped" 

and a l l  par t ic les  having equatorial  p i tch  angles greater than 

OD w i l l  be "trapped". 

angles, 8 D' 
8 vs a! pattern.  

determine for  each a: whether or not the l imi t s  of 8 include 

pitch angles which l i e  within the dumping cones. 

beyond L = 4, a must have a value of 90 - + 8" or the extreme 

angular excursion of 8 will fa l l  short of the dumping cone; that 

is, the direct ional  detectors w i l l  see only trapped radiation. 

For each 

Figure 6 a l so  gives these c r i t i c a l  

f o r  four L values superimposed on the 

By inspection of Figure 6 it i s  possible t o  

For example, 
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manner i n  which the weight f'unctions vary Over 8 f o r  d i f fe ren t  

a ' s  are  given i n  Figure 7. 

an upening angle of 6" and the time which i s  plot ted i s  the  t o t a l  

time during each accumulation interval that R par t i c l e  having a 

p i tch  angle, 8 ,  can enter the detector. It i s  seen that low 

pi tch  angles tend t o  be favored i n  the time averaging process, 

The detectors a re  considered t o  have 

I 

The parameter, a, which i s  so crucial  t o  the  above discussion, 

i s  provided by an onboard magnetometer b u i l t  under the direct ion 

of lk. I,. J. C a h i l l ,  Jr., of the University of New Hampshire. 

' h e  magnetmeter consists of three orthogonally mounted saturable 

core magnetmeters. 

ccanponent of the magnetic f i e l d  along i t s  axis in  the range frm 

Each one i s  capable of measuring the 

Similarly f o r  I, 2 6 and 86" < a < 94" a l l  the direct ional  

detector response w i l l  be due t o  trapped radiation, e t ~ .  

A s  the s a t e l l i t e  spins and the detectors sweep through 

- -  

4-2,- a..-a--  --La-& .-- e.- .....-lA" "-n_ 
IrUlt: UuSIlle; W l l I ~ l l  V a l i V U b  pACIGl1 a r ~ s c u  U L G  

---- ___ -  -E a + 
VULueb VI w 

q o s e d  t o  the detectors i s  - not i n  general independent of 8. 

The time average obtained over the 10.24 second accumulation 

in te rva l  i s  i n  f a c t  a weighted average over the p i tch  angles 

within the limits specified above. The weight factors  attached 

t o  various values of 8 are  a f'unction of a. Sane samples of the 



1 t o  1000 gammas. 

dicated. 

ccnnponent measurement of - + 12 gammas . 
data provides the magnitude of the magnetic f i e l d  vector, 

the angle a:, and the angle $L 

spin axis and the f i e l d  vector and the spin axis  and the direct ion 

of the sun , @ h i l l  and Amazeen, 19g. 

The direction of the component i s  a l s o  Fn- 

The di rec t  telemetry introduces an uncertainty i n  each 

In  f ina l  form, the magnetic 

? 
, between the planes formed by the 

A t  the  time of writ ing,  the value of a: is only available 

An inspection of these passes, fo r  a limited number of passes. 

harever, shuws t h a t  a: behaveg i n  a regular and predictable 

manner due t o  the highly i n e r t i a l  property of the s a t e l l i t e  spin 

axis in a space fixed coordinate system. 

proximity of the s a t e l l i t e  orb i t  t o  the magnetic equator, 

o! changes very slowly within the magnetosphere. 

inbound pass a: drops gradually from approximately 100" a t  

65,000 km t o  approximately 80" at  30,000 lon. 

pass a increases sluwly from about 60" t o  some value usually 

less than 80" Over a similar radial ramge. (A sample of the 

way a varies during an Inbound pass i s  shown i n  Figure 20.) 

Because of the re la t ive  

During a typ ica l  

During an outbound 

From th i s ,  together w i t h  the  foregoing discussion, we can 

conclude that the Elngular sweep of the d i rec t iona l  detectors 



generally includes the dumping cone a t  s m e  t h e  during an inbound 

pass although the t o t a l  time averaging process i s  generally 

weighted in favor of trapped radiation p i tch  angles a t  greater 

distances. An examination of three inbound passes f o r  which the 

of the dumping cone i n  the 8 sweep shows no coincident changes i n  

the direct ional  detector response. For these reasons and because 

of the lack of routine a! data a t  the time of writing, we will 

assume that the direct ional  detector responses within the 

magnetosphere a re  predominantly the r e s u l t  of geamagnetically 

trapped radiation 

The Explorer X I 1  telemetry format is such tha t  a new read- 

out of the counts accumulated during a 10.24 second accumulation 

b t c z v a l  is obtaize:! m c e  e-rery 79 S ~ C C X I ~ S  f ~ r  en_& 

Each new readout i s  defined as a data-point, 

?pt..pptOr, 

Thus i f  one takes 

a three-data-point average of the count-rate of a given detector, 

the average covers a time interval  of approximately 4 minutes, 

although the time during which the detector was actual ly  being 

monitored i s  only approxFmately 30 seconds. I n  order t o  speed 

aukmatic data  reduction and data analysis, three-data-point 

averages have been taken where continuous data permits. 

Admittedly, some time and space resolution has been l o s t  by this 
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averaging process; however, cases where high temporal and spa t i a l  

variations are  suspected have been hand-plotted with every data 

point e 

SUI Explorer X I 1  data i s  received i n  digi t ized form on 

magnetic tape frm Goddard Space Flight Center. 

by the SUI IBM 7070 camputer with a program which f inds frame 

synchronization by searching f o r  the  SUI sync word and re jec ta  

noisy data by requiring perfect redundancy between redundantly 

telemetered detector count-rates. 

It i s  processed 

For purposes of autamatic p lo t t ing  and more detailed d a t a  

analysis, a second program was written which w a s  designed t o  

operate on the output of the f i r s t .  

three (or l e s s  i f  there occurs a sequence break i n  the data)  

data-point averages fo r  the count-rate of each S U I  detector.  

Where necessary and possible, it corrects the detector count- 

rates for  dead time and scaling factors  and background. 

ccmrputes, using an eccentric dipole approxbation, the  magnetic 

coordhates f o r  each data point.  

each detector on a separate output fo r  automatic graphing 

This program computes the  

It 

It provides the data  from 

purposes. 

stations t o  provide a chronologically-ordered output. 

ordered output fo r  each detector contains the following parameters: 

Finally, it merges and sor t s  the data  frm a l l  tracking 

The f ina l  



The identification of the detector 

The universal data and time t o  the nearest second. 

m-e telem&ry station nl-mber * 

The geocentric posit ion of the s a t e l l i t e .  

The geographic longitude. 

The magnetic la t i tude .  

The rad ia l  distance frm the  earth 's  dipole center. 

The scalar value of the magnetic f i e ld .  

m e  ~ c ~ ~ w a i n  L parameter." 

The average cuunt r a t e  per 10 second taken Over up t o  as 
many as three data points.  

The logarithm of the average count r a t e  per 10 second 
(necessary for  autamatic plott ing).  

The number of data points Over which the average w a s  
taken. 

I 

* 
The magnetic coordinates generated by the eccentric dipole 

program have been compared with the  output of the current McIlwain 

program employing the Jensen and Cain coefficients.  The L values 

were found t o  agree t o  within EZ few per cent for  distances beyond 

approxbmtely two ear th  r ad i i .  



"he above data a re  punched on IIpl cards. The cards then a re  

separated in to  successive inbound and outbound passes. Count- 

ra te  data from each pass are  plotted as a function of geocentric 

position using an IEM 514 reproducing punch as a card reader 

and a Moseley model 30 AB card t rans la tor  and Moseley autograph 

electronic grapher . 



I 

111. THE OUTER ZONE 

A. General Features. 

TO i l l u s t r e t e  some of the general p ro l ;e r tA~s  of the outer 

zone as revealed by the SUI Explorer X I 1  detectors, we w i l l  present 

the data fram a pass d u r i n g  a period of r e l a t ive  magnetic quiet .  

It w i l l  become clear  i n  l a t e r  pages of t h i s  section that the 

e f f ec t s  of what appear t o  be small magnetic disturbances from 

ground based s ta t ions are great ly  magnified when d i rec t  observa- 

t ions  of the pa r t i c l e  energy content and radial extent of the 

magnetosphere are considered. A magnetically quiet  time i s  a 

ra re  occasion. The apparent camormess of magnetically 

undisturbed periods i s  a misconception fostered by the re la t ive  

insens i t iv i ty  of the ground based observations. 

A s  representative of a "quiet time" pass we have chosen 

the  inbound pass on September 18 and 19, 1961. 

the K index i s  l e s s  than or  equal t o  1 

fram San Juan and Honolulu i s  negative and l e s s  than 10 7 

(1 7 = 

character f igure assigned i s  0.0 and the K 

During t h i s  pass 

t and Dst(H) value cmputed 
P 

* 
gauss). For the 19th of September the magnetic 

sum i s  5- 
P 

* 
fram San Juan and Honolulu, courtesy of S.-I. Akasofu. Dst 
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,&mpilat ions of Solar-Geophysical Data, C .R.P.L.-F, 207 P a r t  Bj 

November 1 9 g .  

importance 1 

Three f l a r e s  of importance 2 and one f l a r e  of 

were reported a t  approximately noon on the 18th of + 

September. However these f l a r e s  were probably responsible f o r  

the mi ld  increase i n  magnetic ac t iv i ty  which s tar ted ear ly  on the 

20th @mpi la t ions  of Solar-Geophysical Data, C .R.P.L.-F, P a r t  B, 

October 1 9 q .  

The Ekplorer XII, SUI, d a t a  f o r  the  18-19 September inbound 

pass a re  i l l u s t r a t ed  i n  Figure 8. 

range 80,000 km and 15,000 lan the s a t e l l i t e  i s  within approxi- 

Note tha t  between the r ad ia l  

mately 15' of the geomagnetic equator; hence the observed 

detector responses can be thought of as radial prof i les  of 

radiation in tens i ty  along the magnetic equator. 

We observe the following general features  i n  Figure 8: 

(a) There ex is t s  a sharp outer boundary around 70,000 km 

beyond which the S p L S p B  and SpH-SpB count r a t e s  (the spectrometer 

channels corrected fo r  background) f a l l  t o  zero. 

shown i n  Section I V ,  f o r  a similar pass with onboard magnetmeter 

It w i l l  be 

data, t ha t  t h i s  boundary delineates the  region of the  dominant 

geomagnetic f i e l d  or magnetosphere and the  interplanetary medium. 

Only within t h i s  boundary can durable geomagnetic trapping take 

place since only within t h i s  region i s  the magnetic f i e l d  ordered. 



(b) 

r a t e s  r i s e  rapidly t o  values between 1 and 10 counts/second. 

These rates ,  while exhibiting large temporal and/or spa t ia l  

variations,  remain a t  or below 10 counts/second u n t i l  the 

s a t e l l i t e  passes witinin 20,000 iun a t  which time they again con- 

Inside the boundary the SpLSpB and SpH-SpB average count- 

t inue t o  r i s e .  

Over three data points or a t o t a l  accumulation interval  of 

approximately 30 seconds, the large excursions i n  count-rate have 

been averaged out; however the remaining fluctuations are  well 

outside s t a t i s t i c a l  error .  

( c )  

68,000 km) the S p L S p B  r a t e  exceeds the SpH-SpB r a t e  while a t  

middle distances (20,000 t o  45,000 km) they are indistinguishable. 

Appi-wcIiirj the region I5,OOC t~ 228,OOO 

turnover i n  the spectrum w i t h  SpH-SpB exceeding SpLSpB. 

gemetr ic  factors of the two spectrometer channels are ident ical  

t o  within 20s E. D. Iaughlin, private cormnunicatioq. 

Since the plotted data points a r e  time averages 

Typically near the outer edge of the zone (45,000 t o  

t ho re  is ~2 a n n n r ~ n f .  -rr-- --- - 

The 

A count-rate of 10 counts/second for the  SpL and S p H  

detectors corresponds t o  an averaged direct ional  flux of approxi- 

mately 5 x 10 5 electrons/cm2 sec ster.  For the  SpH energy of 

100 keV t h i s  i s  an averaged directional energy flux of approxi- 

2 mately 0.1 erg/cm sec s t e r .  
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(a )  

saturated by sunlight reflected from the earth.  

80,000 km and 73,500 km there i s  a small loca l  increase i n  the 

CdS t o t a l  energy detector response. 

increase w i l l  be discussed i n  Section I V .  

CdSTE and CdSB detectors show a slow steady increase as the 

s a t e l l i t e  moves inward. This increase i n  energy f lux i s  

correlated with the gradual increase i n  the SpLSpB and Spa-SpB 

rates and i s  a t t r ibuted t o  the cambination of primary and secondary 

radiation from electrons of these or higher energies entering frm 

the collimated and/or non-collimated directions.  

detector indicates an energy f lux  of the order of 1 t o  

10 erg/cm2 sec s t e r  between the magnetospheric boundary and 

16,000 km i f  the observed response be due en t i re ly  t o  collimated 

electrons. 

Beyond apprmimately 80,000 km the CdS detectors a re  

Between 

The significance of t h i s  

Inside 73,500 km the 

The CdSTE 

2 
(e)  CdSOM (completely surrounded by a t  l e a s t  0.55 g/cm of 

material) indicates a loca l  broad peak a t  about 32,000 km. 

peak i s  related i n  posit ion t o  the  similar peak i n  the SpB 

count r a t e .  

the penetrating cmponent of the outer zone. 

( f )  

by nearly 4 orders of magnitude during the pass. 

This 

We can therefore conclude tha t  t h i s  peak represents 

Unlike the SpL and SpH count r a t e s  the  302 count rate varies 

The r a t e  in- 
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creases monotonically in to  about 31,000 km at which time a small 

plateau i s  observed followed by a local peak a t  24,000 km. On 

some passes the plateau resolves into a second loca l  peak (see 

Figure 1, Rosser e t  ai. /19&j ) . 
(g) S ~ B  cmmt r n t . ~  shows only one b r o a  pmk, 

i s  coincident with the 302 plateau and not with the 302 maximum. 

r /-7\ 

This m a x i m u m  

- 
An interpretat ion of the 302 and SpB response f o r  a similar 

pass on August 16 and 17 has been given by Rosser, O'Brien, 

Van Allen, Frank, and Laughlin 4 9 g  and f o r  a th i rd  similar 

pass by O'Brien, Van Allen, Iaughlin, and Frank Egg. Both 

papers show, relying essent ia l ly  on the energy f lux  measurement8 

of the  CdSTE detectors, t ha t  the  302 counting r a t e  near the outer 

zone peaks i s  due predominantly t o  penetrating electrons 

(E ,> 1.5 MeV). 

fram the  s a t e l l i t e  Ekplorers I V ,  VI, and VI1 were based on the 

assumption that the 302 count r a t e  resulted f rm bremsstrahlung 

Early interpretations of outer zone 302 data  
1 

from a large flux of electrons of energy E 2 20 keV. 

and SpH detectors show tha t  the par t ic le  fluxes i n  the 50 and 

100 keV range a re  of the order of 5 x lo5 electrons/cm* sec s ter ,  

several  orders of magnitude too low t o  account f o r  the 302 rate 

of 10 counts/sec. The poss ib i l i t i es  remaining are electrons of 

energy E < 40 keV or energy E 2 100 keV or protons of energy 

The SpL 

4 
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E 2 20 MeV. 

E 

omnidirectional in tens i ty  of the order of 1013 electrons/cm* sec 

each of 30 keV energy would be required. 

energy flux of - 5 x 10 ergs/cm sec. This i s  a t  l e a s t  four 

orders of magnitude greater than the maxjmum energy flux ever 

observed by the CdSTE detector. 

bremsstrahlung frm electrons of energy E 2 100 keV, Rosser e t  al. 

assume a monoenergetic flux of 500 keV electrons.  

Rosser e t  a l .  disposed of the electrons of energy 

40 keV by arguing tha t  t o  obtain the maximum 302 rate ,  an 

This would r e su l t  i n  an 
5 2 

To eliminate as a poss ib i l i t y  

This would 

require a f lux  of - 2 x 10 9 electrons/cm* sec t o  produce the 302 

peak r a t e  observed on the August 17 pass. 

e t  al., such a flux would give a CdSTE r a t e  of - 50 counts/sec, 

whereas the observed r a t e  i s  approximately 7 counts/sec. 

foregoing analyses r e l y  on the 302 electron efficiency curve given 

by Frank / i 9 g .  

According t o  Rosser 

The 

The conclusion that the maximum 302 r a t e s  observed do not 

resul t  frm high energy subpenetrating electrons has recently 

been given absolute experimental confirmation by h-ank, Van Allen, 

Whelpley, and Craven @la who have shown, using a s e t  of 

variously shielded 213 G.M. tubes, t ha t  the m i d i r e c t i o n a l  flux 

of electrons of energy E - 230 keV w a s  < 1.5 x 106/cm2 sec i n  

the heart of the outer zone at  5 October 1962, while a t  the same 
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time the 302 count r a t e  was lo5 counts/second . 
efficiency curve (Figure 1, O'Brien e t  a l .  g9g) and assuming 

a monoenergetic beam of 500 keV electrons, an omnidirectional f lux  

2 of 10" electrons/cm 

observed 302 r a t e .  

observed r a t e  f o r  E > 230 keV electrons. 

Using FYank's 302 

sec would be required t o  provide the 

This i s  4 orders of magnitude greater  than the 

- 
The remaining poss ib i l i t i es  f o r  the source of the 302 

maximum outer cone count r a t e  are  d i rec t ly  penetrating electrons, 

E 2 1.5 MeV or protons, E - > 23 MeV. 

on the  basis of s c in t i l l a t i on  counter measurements by Bame, 

Comer, H i l l ,  and Holly Bga and Davis and Williamson B9g. 

We conclude tha t  the 302 ra te  i s  a measure of the  penetrating 

electron component, E - > 1.5 MeV. 

predominantly t o  the bremsstrahlung from energetic electrons. 

Protons can be ruled out 

SpB i s  assumed t o  respond 

Table I1 gives a s m a r y  of the resul t ing electron fluxes 

found f o r  the various detectors a t  four r ad ia l  distances during 

t h i s  pass. 

on a d i f f e ren t i a l  energy spectrum we can determine the exponent 

of the  energy, 7, f o r  a parer l a w  spectrum, i .e , 

Using the  electron spectrometer channels as two points 

N (E)  = No E' . 
The values of the exponent, 7 ,  are a l s o  shown i n  "able 11. 

20,000 km y i s  negative and increases i n  absolute magnitude with 

Outside 
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increasing rad ia l  distances. U s i n g  the same detectors, O'Brien 

,@g has sham tha t  t h i s  var ia t ion i n  7 i s  typical .  

Figure 3, O'Brien and Iaughlin / ' i 9 q .  
See 

If one assumes the power law approximation t o  be a satis- 

factory fit t o  the r ea l  spectrum near the low energy end, it 

should be possible t o  employ the CdSTE energy flux measurement 

t o  determine the l a w  energy cut-off giving the best  agreement 

between the  integrated energy flux and the observed energy f lux.  

Such a calculation f o r  the 65,000 km data point, y = -3.5, 

yields a low energy cut-off i n  the electron spectrum a t  approxi- 

mately 2 keV. 

tentat ive : 

1. The contribution t o  the CdSTE energy f lux  from very law 

energy protons ( E  < 500 eV) i s  undetermined. 

efficiency for  such pa r t i c l e s  makes it unlikely; however, i f  t h i s  

flux i s  significant,  the low energy electron cut-off energy may 

be higher. 

2. 

fo r  the  CdSTE detector; therefore the energy flux estimated from 

the detector i s  too low and consequently the  2 keV cut-off energy 

may be too high. 

There a re  two fac tors  which make t h i s  number 

The l o w  CdS crystal  

2 keV i s  i n  the region of l o w  energy declining sens i t i v i ty  
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For the other values of y given i n  Table I1 the additional 

two powers of E result ing from the integration and the multiplica- 

t i on  by the energy i n  converting from par t ic le  flux t o  energy flux 

resu l t  i n  a spectrum whose integrated energy flux i s  res t r ic ted  

by iiie high ratiier than tiie eriergy cut-off. 

It i s  interesting t o  note t h a t  the SpB (also CdSOM) maximum 

at  32,000 km does not coincide w i t h  the 302 nlaxFmum which occurs 

at 24,000 km. The high energy end of the electron spectrum must 

soften between 32,000 and 25,000 km. 

SpH-SpB r a t e  begins t o  exceed the SpLSpB rate ,  indicating a 

hardening of the middle portion o f t h e  electron spectrum. 

detailed electron spectrum must undergo some remarkable changes 

with radial distance i n  t h i s  region of space. 

gcssi>ly cgp3~s i f i g  f l i ~ y  i jmia t inns  d1-1.e t , ~  m n r p  t h m  one source: 

the  following sections of t h i s  paper which deal with magnetic 

storm time variations w i l l  be res t r ic ted t o  data from the region 

of the  magnetosphere outside the point of inversion of the SpL, 

SpH spectrum, tha t  i s ,  typical ly  outside 20,000 km or L = 3. 

Inside 20,000 km the 

The 

I n  order t o  avoid 

Using our September 18-19 pass as an example, we can 

summarize the  following general features of the electron fluxes 

within the magnetosphere on the day side of the ear th:  
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1. The rad ia l  dis t r ibut ion of the sof t  electron component 

(E - < 100 keV) i s  unrelated t o  tha t  of hard electron component 

(E  2 1.5 MeV), the hard electron component being concentrated 

toward lesser  r ad ia l  distances. 

2 .  The 50 keV and 100 keV electron fluxes undergo temporal 

and/or spa t ia l  variations of nearly an order of magnitude over 

intervals of 5 minutes and/or 1000 km. These sof t  electron f l u e s ,  

i n  contrast t o  the hard electron fluxes, a re  characterized by much 

f ine  structure.  

3. 

t o  soften at greater radial distances and harden a t  l e s se r  distances. 

4. There ex i s t s  a r ad ia l  distance, typ ica l ly  7O,OOO km, beyond 

which the 50 keV and 100 keV electron fluxes f a l l  beluw the minimum 

observable value, N 3 x 10 

There is a general tendency f o r  the so f t  electron spectrum 

4 electrons/cm2 s t e r  averaged. 

B. Storm-Time Variations i n  the Outer Zone. 

1. The Experimental Results. 

The f i rs t  major magnetic storm encountered by Explorer XI1 

began with a sudden cammencement a t  1715 U.T. on the 29th of 

August, 1961. 

and a maximum K of 6. 

m (moderate) D n c o l n ,  l 9 g .  

The storm had a duration of approximately seven days 

It w a s  assigned a degree of a c t i v i t y  of 
P 

See Figure 12 f o r  Dst and K P values. 
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Figures 9, 10, and 11 i l lu s t r a t e  the S.U.I. k p l o r e r  X I 1  d a t a  

f o r  selected sequences of passes d u r i n g  d i f fe ren t  stages of t h i s  

storm. 

Figure 9 shows the changes which took place i n  the electron 

spectrameter count-rates throughout the storm. We see tha t  the 

50 keV electron channel (SpL) shows an enhancement of typical ly  

an order of magnitude during the interval of not more than 

10 h w s  fram the August 30 inbound t o  the August 30 outbound. 

A subsequent pass occurring l a t e  i n  the  recovery phase shows a 

depletion of the previous enhancement. 

appears t o  occur near the outer region of the magnetosphere 

(i.e., frm 50,000 t o  65,000 b). 

( S p S )  shms a s h i l a r  although less st r ikiEg main phase el.lkrmcement, 

again the greatest  variation OCcWrlng i n  tne outer regions. 

there i s  a depletion during the recovery phase. 

The greatest  enhancement 

The 100 keV electron channel 

k a i n  

This enhancement of the soft electron component of the 

spectrum during the main phase i s  verified by p& (a) of 

Figure 10 which shows a CdSTE detector response corrected f o r  

penetrating radiation through the subtraction of the CdSOM 

response. 

from the penetrating component . 
The CdSB detector shows no storm-time var ia t ion apart  
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P a r t  (b)  of Figure 10 shows tha t  the penetrating contribu- 

t ion t o  the CdS detector responses undergoes an exactly opposite 

variation with a diminution during the main phase and a subsequent 

enhancement above the pre-storm levels  during the late recovery 

phase . 
Figure 11 ver i f i e s  t h i s  r e su l t  by showing the 302 and SpB 

rates, both of which are  measures of the penetrating electron 

component. 

by the SpB count-rate which shows a nearly two order of magnitude 

enhancement i n  the penetrating electron f lux during the in te rva l  

-Prm 1400 hours on A u g u s t  30 t o  2100 hours on September 3. 

The post-storm enhancement i s  most c lear ly  indicated 

It i s  now of in t e re s t  t o  determine the extent t o  which the 

storm-time variations described fo r  t h i s  storm are  found i n  the 

remaining storms during the l i fe t ime of Drplorer XII. 

we present Figure I 2  which shows a time h is tory  of the hard and 

soft  electron maximum r a t e s  found during approximately 100 passes 

through the outer zone. 

sentative of the sof t  electron and the 302 r a t e  represents the 

To t h i s  end 

The S p E S p B  r a t e  i s  taken t o  be repre- 

hard electron f lux.  

the heart  of the outer zone, i.e.,  L values greater  than 3, have 

been used t o  avoid confusion with var ia t ions i n  the s l o t  region. 

After September 20, when the  SpB detector no longer functioned, 

The maximum SpL-SpB ra t e s  found a t  or outside 
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contamination t o  the SpL detector from penetrating radiation was 

estimated by the 302 count-rate. Cases where the question could 

not be resolved with a high degree of confidence were discarded.' 

For most passes the issue does not a r i s e  because the so f t  electron 

maximum r a t e  occurs a t  distances w e l l  outside the posi t ion of the 

302 peak. 

Also sham i n  Figure 12 are the K indices taken from the 
P 

3 hour interval  including the SpL peak data point, the Dst (H)  

values generated fram the hourly scalings of the San Juan and 

Honolulu magnetograms, and the magnetic la t i tude  and the L value 

coordinates of the spacecraft a t  the t h e  the 302 maximum i s  

observed. 

It i s  necessary t o  establish a t  the outset t ha t  the var ia t ions 

of the 302 maximum ra t e s  for  each pass a re  the r e s lu t  o r  true time 

modulations i n  the trapped radiation flux and not merely apparent 

var ia t ions introduced by the continual change of s a t e l l i t e  orb i t  

with respect t o  the orientation of the magnetic f i e ld  of the earth.  

For the SpL r a t e s  the analogous problem need not concern us because 

the  high fluxes of sof t  electrons extend t o  much greater r ad ia l  

distances and, therefore, f i l l  a greater volume of space. 

great  re la t ive ly  uniform rad ia l  and volumetric extent of t h i s  

so f t  electron b e l t  assures that the  low inclination s a t e l l i t e  

The 



obtains a fair sample of the re la t ive  intensi ty .  It i s  f o r  t h i s  

reason, as  well as the f a c t  t ha t  we do not know how the l ines  of 

force a re  distorted a t  great  distances during a storm, tha t  we have 

chosen t o  p lo t  i n  Figure 12, the maximum values observed during 

a pass ra ther  than fluxes repeatedly observed on a given l i n e  of 

force . 
The hard electron outer zone i s  confined t o  a smaller region 

of space. 

i n  t h i s  component do ex is t  and are  predominantly responsible f o r  

the modulation of the 302 peak r a t e s  sham i n  Figure 12. 

(a) 

number of counts/lO seconds for  two inbound passes nearly coinci- 

dent i n  magnetic coordinate space, approximately 10 days apart .  

We see t h a t  near 5 R 

the two t r a j ec to r i e s  a re  only 1" apart ,  the 302 count-rates 

differed on the two passes by 2 orders of magnitude. 

maximum ra t e s  obtained on the two passes differed by well over 

one order of magnitude. Note tha t  the major discrepancies between 

the ra tes  on the two passes occur at  greater  r ad ia l  distances with 

relat ively good agreement occurring a t  closer distances. 

note that the  greater maximum value l i e s  a t  a greater radial 

We argue f o r  the following reasons tha t  time var ia t ions 

F i g i e  Ij shuiis on a t ra jec tory  p lo t  the logerithm of the 

within 3" of the magnetic equator, when e' 

Further, the 

Also 

distance. 



( b )  

occur on higher L values than the lower peak ra tes .  

Returning t o  Figure 12 we note tha t  the high 302 peak r a t e s  

This is sham 

expl ic i t ly  i n  Figure 14 i n  which the maximum 302 ra tes  f o r  each 

pass are  plotted as  a function of the L values on which they occur. 

The higher peak ratcs GCC~,E at highcr L -;alucs . If this effect 
i s  due t o  a pecul iar i ty  of the s a t e l l i t e  orb i t  such t h a t  the 

passes on higher L values tend t o  be closer t o  the magnetic 

equator, such a trend should be revealed by p lo t t ing  the absolute 

value of the magnetic la t i tudes  a t  which the peak r a t e s  occur as a 

function of the simultaneous L values. This has been done i n  

Figure 15. It is seen tha t  the absolute values of the  magnetic 

la t i tudes  at which the peak 302 rates are  reported a re  essent ia l ly  

randomly distributed in the L region over which the peaks occur. 

Thus we are able t o  eliminate the magnetic la t i tude  as parameter 

responsible for the  correlation between 302 peak r a t e  and L value. 

An ident ical  argument allows the elimination of magnetic longitude. 

The only possible remaining coordinate which can explain the gross 

change in magnitude and rad ia l  position of the 302 peak r a t e  i s  - time. 

( c )  Figure 16 is a trajectory plot i n  magnetic coordinate space 

sharing the logarithms of the 302 counting r a t e s  f o r  a ser ies  of 

passes before, during, and after the onset of the great magnetic 

storm of 30 September 1961. If the hard electron c q o n e n t  of the 
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outer zone i s  time stable Over a period of ten  days, it should be 

possible t o  draw contour diagrams of the 302 count-rates by using 

the rates given on these t ra jec tor ies  as well as  t h e i r  ref lect ions 

abuut the magnetic equator. 

t ha t  such an endeavor would lead t o  a spa t i a l  d i s t r ibu t ion  without 

symmetry about the magnetic equator, whereas it w i l l  be sham tha t  

if temporal i n s t a b i l i t i e s  are  allowed, the t ra jec tory  p lo ts  a r e  

merely the r e su l t  of a general storm-time pat tern exhibited by 

t h i s  as well  a s  other storms. 

( d )  

sented as an introductory example of storm-time var ia t ions)  the 

graphs sharing the SpB and 302 count-rates vs r ad ia l  distance 

(see Figure 11) also  give the magnetic la t i tudes  at  which the 

~ n ~ i . ~ h ~ m  count-rates were observed. Changes a re  observed i n  these 

maximum ra tes  between the main phase and recovery phase even 

though the magnetic la t i tudes  are nearly the same. 

An inspection of t h i s  diagram indicates 

For the magnetic storm a t  the end of August (already pre- 

Ha,ving established the existence of time var ia t ions f o r  

the  302 peak ra te ,  we must derive an e s t h a t e  of the f luctuat ions 

superimposed upon these by magnetic l a t i t ude  differences. 

readily accomplished by comparing the 302 peak-rates f o r  successive 

inbound and outbound sweeps through the  hear t  of the outer zone. 

This is 
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For such successive cuts the time differences i s  only tha t  required 

f o r  the s a t e l l i t e  t o  pass through perigee; ra re ly  more than four 

hours. Those cases where data exist  on both sweeps a re  found i n  

Figure 12 as two 302 peak r a t e  bars closely spaced. Ekamples 

occ-m- ai kiigicst 24 Eind September 10, 11, ;8, 23 ,  28, e tc .  (;ei.-ei-e.l 

cases ex is t  where the difference of absolute magnitudes of the two 

successive magnetic la t i tudes  i s  abaut 10'. In  a l l  of these cases 

the difference i n  302 peak r a t e s  i s  much l e s s  than a factor  of 2. 

The case i n  which the discrepancy is the greatest  i s  tha t  of 

September 28. 

taining the peak a t  +3" magnetic lati tude,  the  the following 

outBmd pass a t  -2l'magnetic la t i tude.  

i n  t h e  m a x h  302 r a t e s  observed was l e s s  than a fac tor  of 3 .  

~2 g e ~ e r d ,  ft CE)" be cnf ic l i~ged f . h ~ t .  m p g n e t . i r  latitude variations 

are  small compared with the temporal variations.  

Here the inbound pass cut the magnetic she l l  con- 

The resul t ing difference 

We are  now i n  a posit ion t o  proceed with a detailed analysis 

of the  storm-time variations i n  Figure 12. 

the hypothesis of an enhanced soft  electron flux with increased 

magnetic ac t iv i ty .  

storm, the end of October storm provides an example of t h i s .  

The en t i re  time period covered by Figure I2 shows a posi t ive 

correlat ion between the SpL maximum r a t e  and the Icp index. 

This figure bears out 

I n  addition t o  the end of August magnetic 
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Figure 17 shows t h i s  correlation. 

tween the logarithm of the SpL peak r a t e s  and the K 

i n  Figure 17 i s  0.73. 

The correlation coefficient be- 

indices given 
P 

A s  can be seen, par t icular ly  f o r  the end of August storm, the 

time constant f o r  the decay of the enhanced so f t  electron flux 

( - 5 days) i s  the same as  tha t  fo r  the recovery phase of the 

storm as seen i n  the K and the D ( H )  values. P s t  

We draw at tent ion t o  the great magnetic storm occurring near 

the end of October. This storm i s  often considered t o  have can- 

menced around noon on the 28th of October; however, considerable 

magnetic ac t iv i ty  preceded t h i s  time and the most intense outer 

zone SpL r a t e  observed during the l i f e  of Explorer X I 1  occurred 

early on the 27th. 

appear t o  be c lear .  

greater than 1, l a t e r  than October 20, and yet the main phase 

Dst (H)  value reached the most negative value observed during the 

active l i f e t h e  of Explorer X I I ,  -175 7 .  

reported a f t e r  October 20 are  class 1 f l a r e s  on the 27th a t  

0807 U.T. and 0840 U.T., and on the 29th a t  0036 U.T. 

The magnetic morphology of t h i s  storm does not 

There are no f l a r e s  reported of importance 

The 0d.y solar f l a r e s  

I n  sp i t e  of 

these apparent anmal ies  the storm i l l u s t r a t e s  a close correlation 

between the peak SpL r a t e  and the  K 

the peak SpL r a t e  and the Dst ( H )  values i s  l e s s  perfect.  

index. Correlation between 
P 
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Figure I2 gives additional support t o  the hypothesis t h a t  

the 302 r a t e  i s  generally anti-correlated with magnetic ac t iv i ty .  

Starting, fo r  example, with t h e  end of August storm, we note the 

depletion and subsequent build-up during the recovery phase. 

Tnc time constant Tor the build-up i s  the same as t h a t  for  tine 

magnetic recovery phase and t h e  soft electron depletion. 

small storm which commences on the 11th of September has the 

e f fec t  of removing the accumulating electrons. 

follows the small storm which s t a r t s  on September 24. 

dramatic storm-time depletion of the  penetrating component occurs 

on October 1 when the 302 peak rate drops by two orders of magnitude 

with the onset of the great magnetic storm. 

The 

A rapid build-up 

The most 

Figure 16 i s  the trajectory p lo t  fo r  a se r ies  of passes 

*-I rrruuurau-LUel -I..-+.....+4.,.- spatial p a t t c r n  for thir, dzpleticrr. h:: discussed 

previously when the removal of the  trapped electrons takes place, 

the point a t  which the maximum occurs s h i f t s  inward. 

apparently l e s s  dis tor t ion of the count-rates on l i nes  of force 

which have t h e i r  equatorial  crossings closer t o  the earth.  

Unfortunately the s a t e l l i t e  i s  near apogee during the i n i t i a l  

phase and ear ly  main phase of the storm so it i s  impossible t o  

determine exactly when the removal of the hard electrons occurred. 

There i s  



F'rm the October 1 inbound pass shown i n  Figure 16 we can be cer ta in  

that  the removal was substantially complete by noon on the 1st of 

October, some 18 hours a f t e r  the s t a r t  of the main phase. During 

the  l a t e  recovery phase of t h i s  storm the typ ica l  302 enhancement 

i s  observed. 

The 302 peak-rate pat tern f o r  the storm occurring on 

October 26, 27, 28, 29, 30, and 31 i s  l e s s  c lear  although as we 

have discussed previously the storm i t s e l f  has an atypical  pat tern.  

From the overall  viewpoint the relationship between the 

302 peak r a t e  and the K 

for  the SpLpeak ra te .  

the 302 peak r a t e  vs K . 
t i ve  relationship here r e su l t s  from the long time l a g  i n  hard 

electron stormrtime modulation. 

of examining these variations on an individual storm-time basis .  

index and Dst i s  not a s  def in i te  as t h a t  
P 

Figure 18 shows the sca t te r  diagram f o r  

It i s  possible t h a t  the  lack of a def ini-  
P 

This demonstrates the  importance 

2 .  Discussion. 

"he main r e su l t s  of the foregoing section may be summarized 

as follows : 

(a) 

correlated with K . 
The outer zone sof t  electron component i s  posi t ively 

P 



37 

(b)  

electron component. 

( c )  

sof t  component by several days. 

(d )  The time constant f o r  the depletion of the storm-the en- 

hanced sof t  cmponent i s  the  same as  t h a t  of the slow component of 

the recovery phase of the magnetic storm. 

( e )  

formly throughout the magnetosphere (beyond L = 3 )  w i t h  rapid 

spa t i a l  and/or t h e  variations being a predominant character is t ic .  

( f )  

dominantly between L = 3.5 t o  L = 5 and the greater the enhancement, 

the greater  the L value a t  which the naxbm value occurs. 

(g) 

An i n i t i a l  storm ef fec t  i s  a depletion of the high energy 

The enhancement of the hard component follows that of the 

soft electron enhancement seems t o  occur more or less uni- 

The l a t e  storm enhancement of the hard component occurs pre- 

Fine structure i s  generally absent i n  the high energy 

component. 

O'Brien Dgq has shown, using Injun I measurements of the 

E - > 40 keV electrons i n  the dumping cone a t  1000 km a l t i tude ,  

and Ekplorer X I 1  measurements of the equatorial  trapped electron 

flux, t h a t  the typical  dumped electron flux i n  the auroral  zone 

( - 5 x 10 electron cm-* sec-l s t e r - l )  i s  suff ic ient  t o  empty 

a tube of force i n  10 seconds i f  the source i s  turned off and 

i f  the  equatorial  p i tch  angles of all t he  electrons within the 

4 

- i 4 



tube of force are altered so tha t  they l i e  within the dumping cone 

and the loss  r a t e  remains unaltered. 

a r t i f i c i a l  since it assumes the l i fe t ime of pa r t i c l e s  at large pi tch 

angles i s  limited by dumping. It does, however, serve t o  show tha t  

a strong source ex is t s  f o r  par t ic les  brought within the dumping cone. 

This approach i s  admittedly 

A s  was discussed i n  Section 11, we assume tha t  the average 

par t ic le  fluxes reported by the S.U.I. Ekplorer X I 1  d i rect ional  

detectors are  predominantly due t o  pa r t i c l e s  with equatorial  p i tch  

angles outside the dumping cone. Under t h i s  assumption and by way 

of the data exhibited i n  Figure 12, we a re  able t o  place an extreme 

upper l i m i t  on the "lifetiiic" of fluxes of 50 keV electrons l y h g  on 

steeper equatorial  pi tch angles than those deal t  with i n  the analysis 

by O'Erien. 

If we take the end of August storm and assume an impulsive 

injection of 50 keV electrons we see tha t  the flux of these 

electrons has been reduced by an order of magnitude a f t e r  

approximately f ive  days. 

clude the poss ib i l i ty  that the actual  trapping l i fe t ime fo r  50 keV 

electrons i s  actual ly  much shorter and that what i s  being measured 

is the l ifetime of the  source function. It a l s o  does not exclude 

the poss ib i l i ty  t h a t  diffusion mechanisms a re  tending t o  deplete 

a given region of space with the f ive  day time constant. 

This f ive  day " l i f e t h e "  does nat ex- 

Nor does it 



eliminate the poss ib i l i ty  that acceleration mechanisms a re  operating 

c o n t i n u ~ s l y  tending t o  move the electrons t o  a higher posi t ion on 

the ~IVTG SFPC~.IYX and  US OIL& ~f +.he pn_sr: ha.~.~d 1- e~ergy 

channel of the spectrameter. 

t o  t h i s  l a s t  hypothesis by the  fac t  tha t  the hard electron component 

i s  increasing continually d u r i n g  the f ive  day period when the  SpL 

r a t e  i s  decreasing. An attempt t o  determine whether there  i s  a 

time l a g  between the enhancement i n  the  50 keV electron channel 

and that i n  the 100 keV electron channel was suggestive of t h i s  

r e su l t  but inconclusive. Recently McIlwain E9a has demonstrated 

a greater  time delay of enhancement w i t h  increasing electron energy 

using Ekplorer XV data. 

Some support would appear t o  be given 

Regarding item ( f )  above, Figures 13, 14, and 16 present 

a picture  of increasing s t a b i l i t y  of the  trapped hard electron 

flux w i t h  decreasing L value. 

predominantly a t  higher L values ( L  = 4 t o  5 )  while the fluxes 

a t  luwer L values ( L  = 3 t o  4)  tend t o  be more s table .  

The modulation of in tens i ty  occurs 

The r e su l t  tha t  the position of the 302 maximum moves t o  

lower L values as the maxirmun decreases when taken together w i t h  

the  general diminution of the 302 maximum during the main phase 

i s  consistent with the r e su l t  of Forbush, PizzeUa, and 
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Venkatesan tha t  the values of Lmax ( for  an ident ical  302 on 

Explorer VII) showed a marked tendency t o  decrease with increasing 

U (southward equatorial geomagnetic f i e l d  of the r ing current)  

They s t a t e  : 

L = 3 -0 f o r  an increase of 100 7 i n  U." 

that  du r ing  the September 30, October 1 storm, the Explorer X I 1  

302 L- decreased from 4.5 t o  3.0 fo r  a drop ( in  D 

0 t o  -100 7. 

"On the average, Lmax decreased f r m  L = 4.0 t o  

From Figure 12 we see 

( H )  frm st  

The remarkable consistency between these two sets of 

data lends credence t o  conclusions about the time var ia t ions of 

the hard component of the outer zone derived f r m t h e  data 

taken by a low al t i tude,  c i rcular  orbi t ,  s a t e l l i t e  such as 

Explorer VII. 

The 302 storm-time variations described here are i n  complete 

quali tative agreement with those obtained by Arnoldy, Hoffman, and 

Winckler Ggg using a nearly identic81 instrument flown on 

Ekplorer V I .  



IV. T)IE MAGNETOSPHERIC BOUNllARY 

A. Part ic le  Observations near 
the r)otmdarv. 

To i l l u s t r a t e  the moqhology of the pa r t i c l e  flux observed 

near the magnetospheric boundary we sha l l  discuss the data from the 

inbound pass of Explorer X I 1  on the 13th of September, 1961. 

pass i s  chosen because it presents examples of several of the 

character is t ic  features and because the onboard magnetmeter data 

has been made available. A preliminary study of t h i e  pass has 

been published Ereeman, V a n  Allen, and Cahill, 1963. 

This 

A t  18h 1% U.T. on September 13, 1961, the sun was at 

r igh t  ascension 171.5 O ,  declination +3.7', and the s a t e l l i t e  a t  

r igh t  ascension lT;! .3 O ,  declination +3 .O O .  Hence the s a t e l l i t e  

w a s  almost precisely on the sub-solar point a t  the moment of 

crossing the magnetospheric interface E e e  l a t e r  section, 

Observat i o n 7  . 
1. Geo-Solar Conditions 

+ No f l a r e s  of importance greater than 1 were reported f o r  

the three days p r io r  t o  September 13, although there were six 

c lass  1 f l a r e s  and one 1 f f l a r e  on the 10th of September 
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&mpilat ions of Solar-Geophysical Date, C .R.P.L.-F Part B, 

October 19g. At l5h 56m U.T. on September 13, there occurred 

a geomagnetic sMden cammencement which resulted i n  a Ks index 

at 4 at  Ningst and Wttingen. 

below 4 u n t i l  24 hours l a t e r ,  at which t3m.e it rose to 6 

The K index remained at or 
P 

E%fd.,  Wemlser I-. 

at Wan am? San Juan (Figme 19) w a s  10 t o  25 gammas i n  the 

horizontal camponent . 

The magnitude of the sudden ccxnmeneement 

The posit ive phase continued f o r  Over t w o  

days. Both Forb Churchill (68.7' geomagnetic north) and Meanook 

(61.8' geomagnetic north) magnetograms show very l i t t l e  magnetic 

ac t iv i ty  on the 13th of September. 

Department OS Mines and Technical S e r v i c e s 7  

f&ta courtesy of Canadian 

In  contrast t o  these mild indications of solar a c t i v i t y  and 

of perturbations of the gemagnetic f i e l d  a t  the surface of the  

earth, there was found t o  be a high l eve l  of disturbance i n  

magnetic and par t i c l e  phenmena at  the boundary of the  magneto- 

sphere. 

2. Observations . 
Figure 20 shows the counting rates of the five p a r t i c l e  

detectors and the magnetic f i e l d  measurements as a function of 

geocentric radial distance on the inbound pass of 
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September 13, 1961. 

(1) 

steadi ly  increased as the s a t e l l i t e  moved inward from apogee. 

There was an apparently significant drop i n  flux more or less 

coincident with the s .C . as reported on the  earth.  

value of the spin-averaged energy flux, 50 ergs (cm 

occurred a t  55,000 km. 

rapidly i n  the v ic in i ty  of the interface then increased again 

within the trapping region. 

(2) 

discernible increase i n  the output of CdSB above the value 

a t t r ibu tab le  t o  s ta r l igh t  and dark current. 

(3) The low energy (40 L E .( 50 keV) channel of the electron 

spectrometer (SpL) showed no increase of counting r a t e  above that 

due t o  galactic cosmic rays u n t i l  about 52,000 h. 

i n  Figure 20, the  counting r a t e s  of both l o w  energy (SpL) and 

high energy ( S p H )  spectrmeter channels were corrected f o r  the  

contribution of non-collimated par t ic les  by subtracting the r a t e s  

of the background detector SpB.) 

sharply t o  a peak a t  45,000 km. 

rose again i n  the heart of the outer zone. 

The following features are noteworthy: 

The output of the CdS t o t a l  energy f lux  detector (CdSTE) 

The maximum 
2 -1 sec sterad) 

Thereafter the measured flux diminished 

For rad ia l  distances greater than 40,000 km there was no 

, 

- -  

(Note that 

The counting rate then rose 

The rate then decreased and l a t e r  
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(4)  The net r a t e  of the high energy spectrometer channel (SpH) 

(80 .!- E - < 100 keV) w a s  a l so  negligible at r ad ia l  distances 

greater than 52,000 km. 

52,000 t o  47,000 km and continued a t  abuut a constant value f o r  

lesser rad ia l  distances. 

( 5 )  

cernibly different  from i t s  interplanetary value at r ad ia l  

distances greater than 52,000 km. 

range of - 1000 km and continued t o  r i s e  monotonically, though 

less  rapidly, as the s a t e l l i t e  moved t m r d  the  earth.  

(6) 
beyond t h i s  range unavailable at time of p lo t t ing)  t o  52,400 km, 

the scalar magnitude of the magnetic f i e l d  I FI fluctuated 

between 20 and 100 gammas, and large f luctuat ions in vector 

direction a l so  occurred. There occurred a l o c a l  maxirmrm i n  

near 53,700 km, then a rapid decrease u n t i l  52,400 km. 

the magnitude rose abruptly, within 200 km, from 25 t o  120 gammas 

and the f i e l d  direct ion changed abruptly within a r ad ia l  range 

of abuut 100 km. 

of the f i e l d  was steady and approximately that expected f o r  a 

dipole f i e l d .  Just  inside the interface the magnitude of the 

It then rose i n  the distance range 

The r a t e  of the omnidirectional 302 detector w a s  indis- 

It then rose sharply within a 

During passage inward from 70,000 km (magnetmeter data  

I F I 
There 

As the s a t e l l i t e  continued inward the direct ion 
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I 

f i e l d  w a s  60 gammas above tha t  of the reference f i e l d  R i n c h  and 

ba ton ,  1957. 

the magnetic f i e l d  a t  about 52,200 km (8.2 ear th  radii) i s  

interpreted as defining the boundary of the magnetosphere. 

Inside the magnetosphere m i l d  fluctuations i n  magnitude and 

direct ion were observed but the  fractional changes were much 

smaller than those outside. 

The abrupt change in  direction and magnitude of 

3 . Correlation &tween Magnetic Field 
and Part ic le  Measurements . 

It has been proposed by C a h i l l  / ‘ 1 9 q  that the magnetic 

f i e l d  measurements give d i rec t  evidence f o r  the compression of 

t he  geomagnetic f i e l d  under the impact of solar plasma and that 

the discontinuity i n  magnetic parameters at 8.2 earth r a d i i  

(at the sub-solar point, as noted above) defines the physical 

boundary between the inner region i n  which the magnetic f i e l d  

energy density i s  dminant and the outer region i n  which the 

plasma energy density is d d n a n t .  

measurements support t h i s  interpretation i n  the following 

manner : 

(1) 

of both the spectrometer channels a t  8.2 ear th  radii gives 

We consider that the pa r t i c l e  

The sharp r i s e  i n  counting r a t e s  of the G.M. tube and 
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evidence tha t  durable geomagnetic trapping of charged pa r t i c l e s  i s  

possible a t  lesser  r a d i i  but i s  impossible a t  greater r a d i i  due t o  

the disordered nature of the f i e l d  a t  greater r a d i i  E a n  Allen and 

Frank, 1959a, 1959b; Rosser e t  al., 19g. 

(2) 

high energy fluxes of charged pa r t i c l e s  i n  the region of disordered 

f i e l d  outside the interface.  In  the following section it i s  argued 

that  the combination of a l l  of the charged pa r t i c l e  measurements 

w i t h  the  various detectors shows tha t  the pa r t i c l e s  being measured 

are very l i k e l y  electrons having an energy spectrum very much sof te r  

than those inside the interface and tha t ,  indeed, they may very 

well const i tute  the observable component of a quasi-thermalized 

solar plasma. 

The CdS t o t a l  energy flux detector shows the presence of 

It w i l l  be recalled that ,  as  mentioned i n  Section 11, our 

belief t ha t  the measured pa r t i c l e s  inside 8.2 ear th  r a d i i  are 

trapped i s  presumptive i n  character. It i s  seen from the value 

of a! i n  Figure 20, that according t o  Figure 3, the  spectraneter 

channels a re  sweeping thruugh the theore t ica l  dumping cone while 

the loca l  peak i n  S p E S p B  inside the buundary i s  observed. 

a r e  therefore not able t o  determine what f rac t ion  of the observed 

flux may impinge on the atmosphere i n  the high l a t i t ude  regions. 

We 
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In sp i te  of t h i s ,  f o r  the reasons given i n  Section I1 and on the 

basis  of the general body of knowledge on the geomagnetically 

trapped radiation, we assume the observed fluxes are predominantly 

due t o  trapped radiation. 

4. The Intensi ty  P e e  of ~ a r  Energy 
Electrons within the ’PraDDine: 
Region. 

Attention i s  drawn t o  the local  maxima i n  the outputs of 

We have seen SpESpB and CdSTE a t  about 45,000 lan (Figure 20). 

that the  radial dis t r ibut ion of 50 keV electrons generally tends 

t o  be uniform t o  within an order of magnitude throughout the 

outer zone. 

there  are several cases of such a peak located near the 

iiqiietospheric “ u ~ d a r y .  

such a peak. 

However, i n  the entire body of Explorer X I 1  data 

Fig-cre 21 S l i C H S  5 SecGiid e x q $ . ~  t S  

The presence of these peaks appears t o  be associated with 

the  canpression of the magnetosphere, i.e., a closer than normal 

boundary position. It i s  possible that there occurs some 

betatron acceleration of l o w  energy trapped electrons in to  the 

energy range of observability ( - 50 keV i n  the present case) when 

the boundary of the magnetosphere i s  cmpressed. 

the 13th of September 

However, f o r  

case the  strengthening of the f i e l d  was 
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by only a mall  factor,  - 2 (see Figure 20), and hence it may 

very w e l l  be tha t  t ransient ,  wave-like processes which were not 

observed in t h i s  experiment, were of greater efficacy @dge 

and Coleman, 1gGJ. 

5 .  Nature of the Part ic les  Observed 
Outside of the Magnetospheric 
Boundary. 

Direct experimental evidence places cer ta in  r e s t r i c t ions  on 

the nature of the  par t ic les  which were responsible fo r  the large 

peak i n  energy flux which was observed with CdSTE outside of the 

magnetospheric boundary as follows : 

(1) 

part ic les  must be predminantly electrons of energy E 

or protons of energy E 

Since the peak was not observed with the CdSB detector, the  

250 keV 

400 eV or ions of corresponding 

magnetic r ig id i ty .  

(2)  

in question (52,000 t o  80,000 km) places the following upper 

The lack of a discernible response by the 302 i n  the region 

limits on the m i d i r e c t i o n a l  in tens i ty  of monoenergetic electrons: 

2 x lolo (cm2 see)-' f o r  E = 20 keVj 

3 x 10 (em2 see)-' f o r  E = 30 keV; 

-1 3 x lo7 (cm2 see) for  E = 40 keV; 

3 x lo5 (cm2 see)" f o r  E = 100 keVj 

JO 

JO 

JO 

JO 

e tc .  1965J. 

8 
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Corresponding upper limits on spin-averaged unidirectional energy 

fluxes are  (dividing omnidirectional in tens i t ies  by 4 T )  : 

50 ergs (cm2 sec sterad)-’ for  E = 20 keV; 

1 erg (cm2 sec sterad)-’ for  E = 30 keV; 

0.15 erg (cm sec s terad)- l  fo r  E = 40 keV; 

0.004 erg (cm2 sec sterad)-’ f o r  E = 100 keV. 

The lack of discernible response by e i ther  the l a w  energy 

2 

( 3 )  

(SpL) or high energy (SpH)  chamel of the magnetic spectrmeter  

places an upper l i m i t  on the spin-averaged unidirectional 

in tens i ty  of electrons 40 < E < 50 keV of the order of - -  
4 10 

the order of 10 (cm sec sterad)-’. 

(cm2 sec sterad)-’ and of electrons 80 - -  < E < 100 keV of 
4 2  

The cambination of the above evidence makes it appear 

exceedingly unlikely tha t  an appreciable proportion of the  

observed energy flux of 50 ergs (cm2 sec sterad)-’ could have been 

due t o  electrons of energy greater than 30 keV. 

There remain8 the problem of distinguishing between 

electrons of E \ 30 keV and protons of E < 400 eV. 

t o  do t h i s  has i t s  foundations i n  the Chapman-Ferraro theory of 

the  impingement on the geamagnetic f i e ld  of a neutral  ionized 

stream of solar  gas, or plasma. The following observational 

Our attempt 



evidence provides some measure of confidence i n  the appl icabi l i ty  

of the Chapman-Ferraro theory, i f  the disordered magnetic f i e l d  

outside of 52,400 km be ignored : 

(1) "here i s  a sharp discontinuity i n  I F (at a mean d i s -  

tance of 52,200 h) from 25 t o  125 gammas. 

(2) Just  inside the interface I FI  i s  approximately twice the 

Finch-Leaton extrapolation of the surface f i e l d  of the earth,  

which assumes no e l ec t r i ca l  currents external t o  the earth.  

(3) 

order of 1/16th of I25 gammas (Figure 19). 

The disturbance of the surface magnetic f i e l d  i s  of the  

Bnploying these considerations and the approxlmate re la t ion  

(inelastic impact) f o r  the dynamic pressure of the solar  stream, 

P 
2 

IlDlV , 

one finds tha t  the dynamic pressure i s  of the order of 

5 x dyne cm , a re su l t  which might correspond t o  a plasma of 

n = 6 protons ~ m - ~ ,  each having mass m = 1.67 x g and moving 

-2 

rec t i l inear ly  a t  v = 700 kn~ sec-', 

generally consistent with the recent d i r ec t  measurements on the 

solar wind a t  points remote from the ear th  by Neugebauer and 

Snyder Egg. 

These exeqplary values a re  



The energy flux i n  such a plasma stream (almost en t i re ly  due 

t o  the proton ccnnponent) i s  

across a stationary surface perpendicular t o  the velocity vector. 

If CdS'J!E were pointed aut such a beam there would be 

6 x 

If' such an energy flux were ascribed t o  the solid aagle 

lo'* steradian, a unidirectional energy f lux 6 ergs (an2 sec sterad)-l  

would be calculated. Despite the sensi t ivi ty  of t h i s  r e su l t  t o  

the assumed value of v and the corresponding uncertainty i n  i t s  

magnitude, f o r  the following reasons it i s  extremely improbable 

that the  actual  reading of CdsTE i n  the region outside of the  

interface could have been due t o  the d i rec t  impact of "raw" 

solar plasma. 

(1) 

output of a sharply direct ional  detector 

opening angle) whose axis  was orthogonal t o  the spin axis of the 

satellite. 

122' t o  the s a t e l l i t e  sun-line. 

Details.) 

2 ergs sec" incident on i t s  effect ive area of 0,03 cm . 

The observed energy flux was the spin-averaged value of the 

sterad or 12' 

The spin axis of the s a t e l l i t e  w a s  at an angle of 

(&e section on Experimental 

Hence it was very unlikely t h a t  the detector axis would 

. 
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have encountered the f l o w  vector of the solar plasma; and even if 

it had done so the f lux contribution would have had l i t t l e  weight 

on purely geometric grounds. It would have been m t h e r  reduced 

by two instrumental e f fec ts  : 

(a) 
l e s s  than 400 eV (ones of greater energy were 

eliminated by the nu l l  resu l t  from CdSB) was l e s s  by 

a factor  of 5 t o  10 than the " w i m u m "  value used 

f o r  cmputing the fluxes shown i n  Figure 20; and 

The crys ta l  sens i t iv i ty  f o r  protons of energy 

(b) 
rotat ion of the detector axis through a narrowly 

collimated beam would be considerably suppressed 

by the f i n i t e  response time of the crystal .  

A sharp peak i n  f lux  as would occur by the 

(2) The flux (Figure 20) decreased with increasing distance from 

the interface beyond 55,000 km. 

(3) During the his tory of Ikplorer X I 1  no such fluxes were 

observed except i n  intimate association with the magnetospheric 

interface . 
On the above grounds it i s  suggested that the response of 

CdSTE i n  the  region beyond the  interface was due t o  more-or-less 

"thermalized" plasma, i n  which approximate equipar t i t ion of energy 

between the electronic and protonic cmponents had resulted, some- 

how, from the interact ion o f , t h e  plasma w i t h  the geomagnetic f i e l d .  
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On the crude model t ha t  such a body of quasi-thermalized 

plasma at the sub-solar point ac t s  as  a pressure-trmsmitting 

"piston" between the mriviAn.g, d i r e c t i c m l  solar beam and the geo- 

magnetic f ie ld ,  a further interpretative step may be taken. The 

energy density i n  t h i s  "piston" of ionized gas i s  inferred from 

the discontinuity i n  magnetic pressure a t  the interface t o  be 

5 x erg cm -3 = &/2 0 

If it be supposed tha t  the kinetic velocity vectors of the  electrons 

and of the protons i n  the gas a re  isotropical ly  dis t r ibuted then 

the CdSTE detector's mean directional energy flux, 

50 ergs (cm 2 sec sterad)-' = W3/8T. 

Frm the  two relationships of the preceding paragraph it 

i s  inferred that the r .m.s .  velocity of the  pa r t i c l e s  which a re  

responsible f o r  the energy f lux must be 

10 -1 V - 1 .3  x 10 cm sec . 
m e  inferred velocity i s  tha t  of an electron of kinet ic  energy 

56 keV or of a proton of kinet ic  energy 100 MeV. 

any such energy are  cmple te ly  intolerable, both ob servationally 

and theoret ical ly .  

Protons of 
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The inferred electron energy of 56 keV, the correspondhg 

number density 0.6 cmm3 and omnidirectional in tens i ty  

lolo (cm2 sec)" a re  t o t a l l y  inconsistent with the d i rec t  observa- 

t iona l  evidence from the 302 and SpL detectors as ci ted ea r l i e r .  

But it s h d d  be noted tha t  the inferred veloci ty  of the pa r t i c l e s  

(Observed Mean Directional Energy Flux) (SI) 
(Observed Discontinuity i n  Magnetic Pressure) v =  

where R i s  the solid angle within which the observed mean direc- 

t iona l  energy flux i s  assumed t o  ex is t .  The corresponding value 

of par t i c l e  kinetic energy i s  proportional t o  the square of the  

right hand side of t h i s  equation. 

uncertainties by factors  of the order of uni ty  i n  each of the 

three essent ia l  quantit ies (especially SI) it i s  evidenrt that an 

r.m.8 . par t i c l e  veloci ty  as low as 

Since there are c lear ly  

9 -1 V - 3 x 10 cm sec 

can be tolerated.  Protons remain ~ hopeless. The corresponding values 

of energy, number density, and m i d i r e c t i o n a l  in tens i ty  of electrons 

are  respectively: 

E = 2.6 keV 

N = i o  cm-3 

J~ = 3 x 10'' <an2 set)"'. 
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Such a se t  of r e su l t s  is consistent with a l l  observational evidence 

and can be reconciled more-or-less reasonably w i t h  rudimentary 

A L  - --,.A 
UICUI t3 bieal cGiisideratioiis. 

The ways i n  which the observed, spin-averaged direct ional  

f lux and / F /  , a,  and vary with distance frm the interface 

and/or with t h e  (Figure 20) a re  taken t o  represent the imperfec- 

t ions,  i n  the r e a l  physical situation, of the simple model which 

envisions a layer of thermalized (unmagnetized) plasma acting as 

the pressure-transmitting agent or "piston" between the impinging 

solar  stream on the outside and the geomagnetic f i e l d  on the 

inside. The disordered structure may be, i n  par t ,  caused by 

magnetic f i e l d s  due t o  e l ec t r i ca l  currents i n  the or iginal  solar 

stream, a feature not present i n  the simple model. 

c lear  that the observed i r regular i t ies ,  though plotted against 

r a d i a l  distance, are  actual ly  an indistinguishable mixture of 

temporal and spa t ia l  variations. 

Also, it i s  

6.  

Due 

Observations of the Soft Electron Flux 
External t o  the m d a r y  on Other Occasions. 

t o  the unique orientation of the spin axis of the  satellite, 

as expected from geametrical considerations, the sunlit ear th  always 

came within the f i e ld  of view of the CdS detectors when the  

s a t e l l i t e  was beyond approximately 65,000 Inn while outbound 



and beyond 80,000 km while inbound. 

sensi t ivi ty ,  the CdS detectors were saturated w i t h  ear thl ight  and 

hence rendered useless f o r  pa r t i c l e  detection d u r a  t h i s  portion 

of the orb i t .  

is possible are thus res t r ic ted  t o  inbound passes during which 

geo-solar conditions a re  such that the magnetospheric boundary 

l i e s  w e l l  withfn apprmimately 75,000 km. 

cases fo r  which good data are available du r ing  the  active l i f e  of 

the s a t e l l i t e .  

indicates the presence of an energy flux above the  threshold far 

the detector, - 0.5 erg/cm2 sec ster. 

Because of t h e i r  photo- 

The occurrences when examination of the  plasma flux 

There are f o r t y  such 

In - each of the fo r ty  cases the CdSTE detector 

If, as we have proposed, t h i s  energy flux r e su l t s  from the 

electronic ccrmponent of the thermalized solar  plasma we should 

expect t o  observe a relationship between the in tens i ty  of t h i s  

energy flux and sane other parameter representative of the solar  

plasma pressure. Such a parameter i s  the radial posi t ion of the 

magnetospheric boundary as determined by the  te rmhat ion  of 

trapped radiation (see Section IV-B) . Specifically one would 

expect t o  see the highest CdSTE external fluxes during passes 

when the  magnetospheric boundary i s  a t  i t s  closest  distances 

t o  the earth. Figure 22 shows that there  i s  sane evidence f o r  
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t 

believing tha t  t h i s  i s  the case. 

external t o  the boundary (excluding the region dminated by earth- 

Here the maximum CdSTE count-rate 

light) eln, each ef the fzr ty  passes is plet ted as a !?rnCtiCln, Cf t h e  

observed boundary posit ion for  the same pass. 

70,000 km the maximum CdSTE r a t e  observed i s  2.7 c/s, at or beyond 

65,000 km, 9.5 c/s, and at or beyond 50,000 Inn, 3.7 C / S .  

A t  or  beyond 

It i s  of in te res t  t o  determine whether or  not t h i s  external 

f lux  is re lated t o  the standard surface parameter f o r  solar  plasma 

ac t iv i ty ,  K . Figure 23 shows the f o r t y  CdSTE maximum count-rates 

plot ted vs K . 
in the energy f lux are  the times of higher K 

qua l i ta t ive ly  consistent with the concept of K as a measure 

of the rate-of-change of solar plasma pressure rather  than the 

P 
It is seen that the times of greatest  va r i ab i l i t y  

P 
index. This i s  

P 

P 

plasma pressure i t s e l f  . 
An attempt has been m a d e  t o  f ind time-coincident var ia t ions 

in external CdSTE f lux and sudden changes i n  the auroral  i n t ens i t i e s  

based on a,ll-sQ camera films from College, Alaska, Pullman, 

Washington, Choteau, Montana, and Hanaver, New Haupshire. 

available data there  are four cases where the s a t e l l i t e  i s  i n  a 

posit ion t o  monitor the CdSTE energy flux beyond the boundary 

during periods of intense auroral ac t iv i ty .  

In the 

None of these cases 
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show any abrupt changes i n  the CdSTE f l u x  simultaneous with changes 

in auroral intensi ty .  

7. Radial Termination of the 
Ekternal Flux. 

Note tha t  in Figure 22 th i r teen  of the fo r ty  data points 

a r e  solid dots ra ther  than open dots. 

of each of these thir teen passes i s  that the CdSTE energy f lux  

outside the boundary shows one or more sharp decreases a t  a 

radial  distance of 10,000 t o  20,000 km beyond the boundary. 

Figures 20, 24, 25, 26, and 27 i l l u s t r a t e  f ive  of these passes. 

Table I11 shows the pertinent character is t ics  of each of the  

thir teen passes. 

on passes with close boundary posit ions.  

since the buundary must be sane 20,000 km inside the point at 

which the CdSTE detector saturates  from ear th l igh t  i n  order f o r  

the discontinuities i n  the CdSTE t o  be observed. 

The distinguishing feature  

From Figure 22, they tend t o  occur predominantly 

This is t o  be expected 

We propose tha t  the sharp decrease in t he  CdSTE energy flux 

observed on these th i r teen  passes represents the location of a 

shock f ront  generated by the supersonic flow of solar  plasma 

past the magnetosphere as has been discussed by Axford E9q, 
Dessler Egg, Kellogg & 9 g ,  and others. I n  par t icular ,  
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Kellogg predicts  that the stand-off distance should be 26, 18, 

or 15 thousand km f o r  Mach numbers of 2, 4, and 

respectively. 

solar  pL~sze &ch m&ers Setweec 2 ~d 5.5 k v e  bem &sel-.,.ed 

experimentally. Since our observation of the stand-off distance 

i s  res t r ic ted  t o  times of closer than normal boundary conditiona, 

i.e., higher Mach numbers, the agreement between Kelloggrs 

estimates, and our median value of 13,000 lan seeins t o  be quite 

good considering the uncertainties i n  the theory. 

, 
On the basis of Explorer X measurements of the 

B. Gross Boundary Motion. 

1. Multiple Boundaries and 
Shock Fronts . 

An occasional feature of the CdSTE extramagnetospheric 

response i s  the Occurrence of more than one pronounced maximum. 

On these occasions the changes i n  the energy f lux are  very sharp 

and the  levels  tend t o  be quite stable between the changes, 

i.e., the energy f lux  vs r ad ia l  distance has a waveform similar 

t o  a square wave. 

which show the detector response for inbound passes on the 

l l t h  of September and the l l t h  of October, respectively. 

This i s  i l lus t ra ted  i n  Figures 26 and 27 

Both 
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passes occur dur ing  the i n i t i a l  phase of moderate magnetic storms 

while the San Juan horizontal ccmponent i s  s teadi ly  increasing. 

We suggest t ha t  the apparent existence of multiple shock 

fronts may be due t o  the increasing pressure from the solar 

plasma forcing the shock front inward past  the s a t e l l i t e  fo l la r ing  

the i n i t i a l  encuunter. A second encounter then occurs when the 

s a t e l l i t e  again catches up with the front  a f t e r  quasi-equilibrium 

has again been established. 

Focusing at tent ion on the 11 October inbound pass we inter- 

pret  the sequence of events as follows: 

(a)  A t  75,092 km (0604 U.T.) the inbound s a t e l l i t e  en- 

counters a shock front  and the energized electrons inside the 

front a re  detected by a r i s e  i n  the CdSTE count-rate. 

(b) A t  72,637 kn (0644 U.T.) the  enhanced solar plasma 

pressure compresses the magnetosphere t o  the extent t ha t  the 

original shock front  mwes inward past  the s a t e l l i t e  exposing it 

once again t o  the interplanetary medium w i t h  a consequential 

drop i n  the CdSTE response. Note that the CdSTE count-rate i s  

50s higher the second time it is  outside the shock front,  t h i s  

being consistent w i t h  the enhancement of $he so lar  plasma, 
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(c)  A t  68,417 km (0743 U.T.) the  spacecraft again encounters 

the shock front  whose posit ion has n m  became quasi-stabilized 

through the balance of magnetic and corpuscular energy density. 

The resul tant  response i s  a second increase i n  the CdSTE count- 

r a t e .  

(d )  A t  approximately 55,500 km (0945 U.T.) the s a t e l l i t e  

encounters the boundary between the magnetosphere )and the external 

shock region. 

the SpL count-rate. 

i s  a l so  observed as the s a t e l l i t e  approaches the boundary. 

the boundary the r a t i o  of the SpLto CdSTE ra t e s  increases by 

some 2 t o  3 orders of magnitude and CdSTE response follows t ha t  of 

the SpL. 

This i s  evidenced by the subsequent sharp r i s e  in  

The characterist ic decrease in the CdSTE rate 

Inside 

Wing this time CdSB &ows no ckiange i n  c o m b r a t e .  

We fur ther  propose tha t  an analogous s i tua t ion  occurred 

during the 11th of September inbound pass (Figure 26). 

t h i s  case motion of the magnetospheric boundary as well as the 

shock front i s  apparently evident. 

derived from the data as follows: 

(a) 

S p E S p B  r a t e  r i s e s  sharply, presumably indicating the presence of 

trapped energetic electrons.  

In  

The boundary motion i s  

A t  53,000 km (1300 U.T.) the CdSTE response drops and the 
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(b) 

t o  CdSTE count-rate again becomes l e s s  than unity as it was out- 

side the i n i t i a l  boundary. 

boundary has pushed inward past  the s a t e l l i t e  and we a re  again 

observing the thermalized plasma lying between the  boundary and 

inside the shock front .  Note that the peak CdSTE r a t e  i n  t h i s  

region i s  s l igh t ly  greater than the peak r a t e  during the first 

approach t o  the boundary. 

plasma pressure has increased. 

(c )  

the SpLSpB ra t e  takes on the chmacter of the durable trapping 

region. 

A t  51,000 km (1320 U.T.) the r a t i o  of SpL-SpB count-rate 

Hypothetically the magnetospheric 

This substantiates our idea tha t  the 

Again a t  50,000 km (1330 U.T.) the CdSTE f l u  drops and 

If t h i s  interpretat ion is correct a lower limit of 

- 2 km/sec can be s e t  on the boundary velocity during the in te rva l  

of rap id motion . 
An al ternat ive explanation f o r  the above sequence of d a t a  

is  tha t  the CdSTE peak a t  50,000 km represents a bubble of 

plasma trapped within the magnetosphere. 

analogous se t  of data  during the 1st of October inbound pass 

the onboard magnetometer data does show a sudden change i n  the 

magnetic f i e l d  t o  a def in i te ly  non-dipolar form i n  a region 

For an en t i r e ly  



2,500 km thick located approximately 4,000 km inside the i n i t i a l  

magnetospheric boundary , & h i l l ,  private c m u n i c a t i o q  . 
- -  /F9m has sham thz t  a narrow peak of geomagnetically trapped 

protons i s  found i n  the region between the "bubble" and boundary, 

and tha t  the radius of gyration of these protons exceeds the 

thickness of the region over which they a re  observed. 

proves tha t  rapid temporal (i .e ., motional) variations a re  

superimposed on the spa t ia l  observations of the boundary region, 

but it does not prove conclusively tha t  the regicm of enhanced 

CdSTE flu and unstable magnetic f ie ld  i s  not a time stationary 

region within the magnetosphere. 

completely resolved by two or more satellites dis t r ibuted 

radial ly .  

Konradi 

This 

Such a problem can only be 

2. Storm-Time Boundary Motion 
and Gross Boundary Position. 

We have seen (see Figure 20) t ha t  the sharp cut-off i n  the 

@I, count-rate readi ly  delineates the magnetospheric boundary. 

Ibploying s t a t i s t i c a l l y  significant counts above background for 

t h i s  detector together with the experience gained through a 

detailed study of the data  from a l l  the detectors w e  have estimated 

the  radial posit ion of the magnetospheric boundary f o r  the f irst  



two and one-half months of the s a t e l l i t e  l i f e .  This time-history 

of the boundary posit ion along with the Dst (H)  values from San 

Juan and Honolulu are  given in Figure 28. The following 

important features a re  revealed: 

(a) 

earth i s  66,000 km. 

(b) 

closer-than-average boundary positions, the maximum inward 

excursion being about 15,000 km. See f o r  example the time 

regions 23-26 August, 7-8 September, 11 September, 21-24 September, 

and 9-11 October, e t c .  

scale as i s  i l l u s t r a t ed  by the data points a t  0000 U.T. on the 

23rd of September and the 9th and 10th of September. 

while barely v is ib le  on the Dst curve, the sudden commencement a t  

1556 U.T. on the 13th of September had the e f f ec t  of reducing 

the boundary posit ion by 18,000 km or nearly three ear th  r a d i i .  

(c)  The closer-than-average boundary posi t ion present during 

the i n i t i a l  phase appears t o  pe r s i s t  throughout the main phase. 

This conclusion, somewhat l e s s  cer ta in  than those pertaining t o  

the i n i t i a l  phase and recovery phase, i s  based on the data  points 

a t  the apex of the main phase fo r  the  1 October and 28 October 

s torms ,  

The average boundary posit ion on the sunward side of the 

Positive or above normal Dst values are  accompanied by 

The correlation i s  good even on a small 

Note tha t  



(d )  

outward motion of the boundary, the radial extent of t h i s  motion 

exceeding s a t e l l i t e  apogee, 83,500 km, f o r  large storms such as 

those occurring on 1 October and 28 October. 

discernible as w e l l  f o r  small and moderate storms such as those 

of 19 August, ll September, 25 September, 11 October, and 

25 October. 

The recovery phase of magnetic storms i s  accompanied by an 

The pat tern i s  

It i s  clear  then that gross boundary motion features  have 

t h e i r  surface equatorial  f i e l d  counterparts as was suggested 

or iginal ly  by Chapman and Ferraro B93g, the i n i t i a l  phase, 

or posit ive D values resul t ing from the c q r e s s i o n  of the 

magnetosphere by the enhanced solar plasma flow, which storm 

time properties have now been direct ly  verified Eeugebauer 

and Snyder, l g q . ,  and the recovery phase outward boundary 

motion presumably resul t ing from the r e l i e f  of solar  plasma 

pressure against the ring-current-enhanced outer geomagnetic 

f i e l d .  Akasofu has sham employing a r e a l i s t i c  r ing current 

model based on the outer zone proton b e l t  reported by Davis 

e t  al .  E9q t ha t  the observed values of the posi t ional  

change i n  the boundary posit ion are consistent with reasonable 

s t  
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changes in solar wind pressure and ring current strength 

h r i v a t e  cmunicatioGJ. 

During the in te rva l  covered by the data i n  Figure 28 

there i s  no systematic difference between the  r ad ia l  boundary 

positions found i n  inbound and outbound passes, i.e.> there i s  

no significant difference i n  the observed boundary posit ions due 

t o  small changes i n  the magnetic l a t i t ude  or the probe-earth-sun 

geocentric angle a t  least out t o  75" from the sub-solar point. 

There may, huwever, be a gradual increase i n  the mean boundary 

position . 
F o l l d n g  the period covered by Figure 28 (i.e., as the  

s a t e l l i t e  apogee approaches probe-earth- sun angles near and 

beyond go"), a remarkable sequence of events takes place : 

(a) During the  f i r s t  half of November telemetry i s  poor and 

gaps in the  d a t a  make boundary posit ion estimates on the bas i s  

of the 50 keV electron flux d i f f i c u l t  t o  obtain. 

(b) 

the SpL count-rate loses  i t s  charac te r i s t ic  sharp cut-off. 

sudden termination gives way t o  a sluping decrease which occa- 

sionally extends out t o  apogee . 

During the second half of November the radial p ro f i l e  of 

The 



(c )  

December (longitudinal difference between the sub- s a t e l l i t e  

Toward the end of November, and during the f irst  week i n  

--:-A -4- ----^^ -...a 4-I-., -..I-. .-...l-.... 4- ,.....,... 
Y U l l l U  C A U  CAyVbCC CLLlU bllC DUU-DUICLI pUfllU &l.r;ater than 9 o o > ,  the 

outbound passes (greater probe-earth-sun angle) b e g h  t o  show 

a decrease t o  background r a t e  i n  the SpL c m t - r a t e  at geocentric 

distances as close a s  45,000 km. The subsequent inbound portions 

of the passes, however, reg is te r  high fluxes as far out as 

apogee 

Recently Frank, Van Allen, and Macagno Bq have sham, 

using data from Explorer XIV, that the radial termination of 

sof t  electron (E 2 40 keV) fluxes occurs closer t o  the ear th  

on the night side of the ear th  than on the day side and tha t  

near the magnetic equator i n  a region near 90" from the sub- 

solar  point high fluxes of electrons of energy E 2 40 keV are  

found as far out as 100,000 la geocentric distance. 

S.U.I. Ekplorer X I 1  data generally support these findings 

although we wish t o  emphasize that  we do not equate rad ia l  

termination of the 50 keV electron f lux on the night s i d e  with 

the magnetospheric boundary as  we have done f o r  the day side of 

the earth. 

The 



68 

C. Very Soft Electrons on 
The Niaht Side. 

Figure 29 shows the CdSTE detector response along with the 

SpL count-rate fo r  an outbound pass through the region behind the 

earth. Note tha t  as the s a t e l l i t e  approaches apogee the SpL 

response i s  increasing. The subsequent inbound pass shows a 

continuing high r a t e  near apogee and on in .  

Also note tha t  the r a t i o  of CdSTE response t o  the SpL 

response i s  greater than unity throughout the pass. This, 

together with the n o d  correlation between resnonse of the  two 

detectors, i n  a l l  probability, indicates a high f lux  of very 

soft  (500 eV 

distances on the night side of the ear th  near the magnetic 

E 5 40 keV) electrons present a t  great  

eauat or  ! 

Specifically, if the CdSTE energy flux be due t o  10 keV 

electrons the pa r t i c l e  flux i s  - lo9 electrons/cm* sec ster 

(average). These in t ens i t i e s  and energies of electrons on the 

night side of the  ear th  a re  suggestively similar t o  those observed 

t o  produce v is ib le  aurorae DcIlwain, 19603 Ihvis, Berg, and 

Meredith, 19601 McDiamid, Rose, and BudzinsBi, l g q .  

Using data primarily fran a system of three-electrode 

"ion t raps"  on lunik 11, Gringauz and collaborators 



Eringauz, Bezrukikh, Ozerov, Rybchinskii, 1960; Gringauz and 

w o n ,  1960; Gringauz, Balondina, Bordovsky, and Shutte, l 9 q  

discovered omnidirectional intensi t ies  Jo 

of eiectrons uf E 7 260 e'v' i n  the ra(if6,L (iistance r m j e  frm the 

center of the ear th  61,400 t o  81,400 km (55,000 t o  75,000 km 

above the surface of the ear th)  . Gringauz e t  al. regarded these 

observations as  establishing the existence of a "third radiat ion 

bel t" .  

Cahill,  19w tha t  the Iunik I1 observations were a t  a geo- 

centr ic  angle of 125' ( - + 10') eastward frm the  sub-solar 

point . 

8 0  
2 x 10- (emL set)-' 

It has been estimated by us Ereeman, Van Allen, and 

We believe tha t  the aforementioned Soviet findings support 

our hypothesis t ha t  the CdSTE energy f lux  response a t  a westward 

geocentric angle with the sub-solar point of approxhately 

125" i n  the  region beyond which higher energy trapped radiation 

i s  observed i s  due predminantly t o  very sof t  electrons.  

large measure of consistency i s  hereby introduced t o  these two 

s e t s  of measurements and the Soviet finding of a region of 

so f t  electrons on the night side of the  ear th  i s  experbenta l ly  

confirmed. 

A 



v. SUMMARY 

Figure 30 i s  a graphic representation of our present concept 

of the magnetosphere. 

The outstanding conclusions of the  preceding sections may be 

summarized as follows: 

(1) 

terminated a t  10 ear th  r a d i i  on the day side of the earth.  

(2) 

consistent with a compression of the gemagnetic f i e l d  during the 

i n i t i a l  phase and main phase and a subsequent expansion t o  a 

position beyond the pre-storm value dur ing  the recovery phase. 

(3) 

terminated some 2 earth r a d i i  closer t o  the ear th  on the night side. 

(4) The large scale presence of the 50 keV and 100 keV electrons 

within the magnetosphere shows a posit ive correlation with the K 

index with the greatest  enhancement occurring during the main 

phase of magnetic storms and with the decrease occurrin@; i n  a time 

interval character is t ic  of the storm recovery phase. 

( 5 )  

generally occurs over the en t i r e  region covered by our investigation, 

The rad ia l  extent of 50 keV and 100 keV electrons i s  typ ica l ly  

The value of t h i s  radial extent shows storm-time modulations 

The r ad ia l  extent of the 50 keV electrons is  typ ica l ly  

P 

This storm-time enhancement of the so f t  electron flux 



i.e., from 20,000 km t o  the magnetospheric boundary, although some- 

times loca l  maxima are  observed close t o  the boundary. 

( 6 )  

between 3 and 5 ear th r a d i i  shows a diminution with the onset of 

magnetic ac t iv i ty  and a subsequent recovery t o  above pre-storm 

leve ls  with a time constant the sane as the recovery phase of the 

storm . 
(7) 

The hard electron component ( E  2 1.5 MeV) concentrated 

A s  the  post-storm enhancement occurs, the r ad ia l  distance 

at which the maximum i s  found increases. 

(8) 

10,000 t o  20,000 h, outside the magnetospheric boundary an energy 

f lux of charged par t ic les  of the order of tens of ergs/cm2 sec ster 

i s  observed. 

l i k e l y  by electrons whose par t ic le  energies a re  of tne order of 

1 t o  10 keV and whose in tens i t ies  are  of the order of 

109/ ,~ sec ster. 

(9) 

i s  very sharp and a t  such a distance beyond the boundary 

( - l5,OOO km) t o  provide agreement with estirmtes f o r  the 

standoff distance of a shock front.  

electrons form the pressure-transmitting cmponent of a quasi- 

On the day side of the earth, i n  a region of r ad ia l  thickness 

The daminant contribution t o  t h i s  f lux i s  very 

2 

On some occasions the radial  termination of these pa r t i c l e s  

It appears l i k e l y  that these 



72 

thermalized plasma result ing from the impingement of an enhanced 

solar plasma wind on the geomagnetic f i e l d  . 
(10) 

believed t o  consist of very so f t  electrons i s  found beyond the 

region of intense trapping, 

i s  evident i n  the Ekplorer XI1 data  although the untimely death 

of the s a t e l l i t e  limits a proper exploration of t h i s  point. 

(11) 

identified with the "third radiation be l t "  of Gringauz e t  a l a  

The suggestion tha t  they may cmprise  the high-latitude auroral  

par t ic les  i s  intriguing. 

(12) 

f ind ings  of k-ank and Van Allen tha t  the constant counting r a t e  

contours f o r  50 keV electrons protrude outward i n  a region near 

90" frcxn the sub-solar point and draw closer t o  the ear th  on the 

night side. 

On the night side of the ear th  a similar energy flux a l so  

No apparent termination of t h i s  flux 

We believe tha t  these pa r t i c l e s  can be c lear ly  cross- 

The Ekplorer X I 1  data are  i n  general agreement with the 
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FIGURE CAPTIONS 

Figure 2.  The Ungitudinal difference between apogee and the 

earth-sun l h e  thruughout the active l i f e  of Eqdorer XII. 

Figure 3 .  Cross-sectional drawing of the lo-‘ s teradian CdzS 

energy flux detector. 

about 15 cm3 the weight i s  160 grams. 

The overall  detector length i s  

Figure 4. The actual  efficiency curve f o r  CdSTEj c rys t a l  

sens i t iv i ty  versus electron energy. 

defined as the r a t i o  of the  c rys ta l  current ( for  a 

150 vol t  bias  voltage) t o  the incident electron energy 

f lux  i n  ergs/cm sec. 

The sens i t i v i ty  i s  

2 

Figure 5 .  Diagram showing the relationship between the  

SUI detector look axes, the spin axis, the solar  

direction, and t i e  magnetic coordinates used i n  
describing the magnetmeter output . 

Figure 6. Relationship between the values of 8 swept out during 

each revolution and a. Also sham are the  values of 8 
which l i e  within the dumping cone a t  the magnetic 

equator f o r  four values of I,. 

Figure 7. Total time fo r  each revolution during which a 

pa r t i c l e  having p i tch  angle 0 can enter  a detector 

whose t o t a l  opening angle is 6” .  



FIGURE CAPTIONS (continued) 

Figure 8. ESrplorer X I 1  inbound pass, 18-19th of September 1961. 
m.. L L l C  uaua a + p w d i u s  - - a  + given here are 3 poiiit Eiveragza (see 

section on Experimental Details) and SpL and SpH have 

both been corrected f o r  background counts by subtraction 

of SpB. 

CdSTE. 

CdSB has been normalized t o  energy scale of 

Figure 9. (a) SpIrSpB fo r  three passes associated with the 

August 30th magnetic storm. 

(b) SpH-SpB fo r  three passes associated with the 

August 30th magnetic storm. 

Figure 10. (a) CdSTE fo r  three passes associated with the 

A u g u s t  30th magnetic storm. 

(b) CdSOM fo r  three passes associated with the 

August 30th magnetic storm. 

Figure 11. (a) 302 fo r  three passes associated with the 

August 30th magnetic storm. 

(b) SpB fo r  three passes associated with the 

August 30th magnetic storm. 

Figure E. A time history of the maximurn values f o r  each pass 

f o r  the hard and sof t  components of the outer zone. The 

SpL peak r a t e  (corrected f o r  background where possible) 

i s  taken t o  represent the soft  component and the 302 peak 

rate i s  taken t o  represent the hard component. 

sham i s  the K index fromthe three-hour in te rva l  

including the SpL data point, the Dst (H) value camputed 

Also 

P 
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FIGURE CAPTIONS (continued ) 

from the hourly scalings of the  San Juan and Honolulu 

~mgnetogrms, ami tile L vtliues and magnetic i a t i iude  at 
which the 302 peak r a t e s  are observed. 

Figure 13. Trajectory p lo ts  of two Explorer X I 1  inbound passes 

whose t ra jec tor ies  were nearly coincident i n  magnetic 

coordinate space. 

i s  given fo r  various points along the t ra jec tor ies .  

The logarithm of the 302 c m t s / l O  seconds 

Figure 14. The 302 peak r a t e  points sham i n  Figure I2 are  

plotted as a function of the I, value at which they 

occurred . 
Figure 15. The magnetic la t i tudes of the 302 peak rate points 

sham i n  Figure 12 plotted a s  a function of the 

shniltaneaus L value. 

Figure 16. The t ra jec tor ies  i n  W n e t i c  coordinate space of 

six passes through the outer zone associated with the 

September 30th storm. 

ra tes  are  indicated a t  various points along the 

t ra jec tor ies .  

t ra jec tor ies  where the maximum 302 rate occurred. 

The logarithms of the 302 count- 

The crosses indicate the points on the 

Figure 17. The correlation between the m a x h  outer zone 

SpL cuunt-rates and the K index. 
P 

Figure 18. Scatter diagram sharing the 302 peak r a t e s  f r m  

Figure 12 plotted as a function of the K indices. 
P 



FIGURE CAPTIONS (continued) 

Figure 19. The San Juan magnetogram f o r  September 13-14, 1961, 
shcwri,n;: the suddcn z===;lznz&-,znt a t  15h 56Ei ?.?.To Gfi 

September 13 and the mild, prolonged " i n i t i a l "  phase. 

Figure 20. Par t ic le  and magnetic f i e l d  measurements with 

Explorer XI1 f o r  the inbound pass on September 13, 1961. 
The CdSB detector count-rate has been normalized t o  

the energy scale of the CdSTE detector. 

r a t e s  of both CdS detectors a re  nearly l i nea r  with 

energy flux. 
have been corrected fo r  background counts by the sub- 

t rac t ion  of the counting rate of the background 

detector SpB. 

indicated that during this pass the CdS detectors 

did not have any bright objects within t h e i r  f i e l d  of 

view. 

01 the angle between the F-vector and the spin-axis 

of the s a t e l l i t e ;  and 

plane containing the F-vector and the spin axis and the 

plane containing the spin axis and the satel l i te-sun 

l i n e  (see section on mer imen ta l  Details). 

The counting 

Both spectrameter channels (SpL and SpH) 

The CdS optical monitor (not shown) 

If Fdenotes the scalar magnetic f i e l d  strength; 

the dihedral angle between the 

Figure 21. The SpL count-rate for the inbound pass on the 

16th and 17th of September, 1961. 

Figure 22. Correlation between the maximum CdSTE response 

beyond the  magnetospheric boundary and the  geocentric 

posit ion of the magnetospheric boundary. The solid 
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FIGURE CAPTIONS (continued) 

dots represent passes on which there i s  a sharp r ad ia l  
A 4  fln-m+4nr,4+.r er +en.%.4-..+*-... -.I7 
U I Y \ . U L L U - L A I U L  V J  u G ; J . u ~ o , u I u l l  VI the CdSTX respome 

beyond the boundary. 

Figure 23. The maximum CdSTE response beyond the magnetospheric 

boundary plotted as a f'unction of the index. % 
Figure 24. The count-rate of the CdSTE and SpL detectors f o r  

the  inbuund pass on September 22. 

of the electron spectrum immediately inside the buundary 

as indicated by the r a t i o  of the SpL t o  CdBTE count- 

r a t e s  . 

Note the softening 

Figure 25. 5 e  c o m b r a t e s  of the CdSTE and SpL detectors for 
the inbound pass on the 8 th  and 9 th  of October. 

Figure 26. The count-rates of the CdSTE and SpL detectors f o r  

the inbound pass on tne i i t n  of September. 

apparent multiple boun6ary (see t e x t ) .  

iu'ote the 

Figure 27. The count-rates of the CdSTE and SpL detectors f o r  

the inbound pass on the 11th of October. 

Figure 28. The time his tory of the radial posit ion of the  

magnetospheric boundary as determined by r a d i a l  

termination of counts above background i n  the SpL 

detector. Also sham is the Dst (H) value from the 

San Juan and Honolulu magnetograms. 



FICURE CAPTIONS (continued) 

Figure 29. The CdSTE and SpL count-rates f o r  the December 2nd 

outbuund passj  an example of a pass at  geocentric earth- 

sun-satel l i te  angles of greater than go", 

Figure 30. A p ic to r i a l  diagram sharing an equatorial  cut of 

geamagnetosphere. Regions i n  which hard, soft, and 
very sof t  electrons are Sound i n  abundance are indicated. 

The general shapes of the various regions are consistent 

with all s a t e l l i t e  and space probe data  which have been 

made available t o  date .  
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EXPLORER XI1 (S-3) 
Energetic Particles  Satellite, Launched August 15, 1961 

Fie;ure 1 
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EXPLORER XII: : SPH-SPB STORM-TIME VARIATION FOR 
io3 THE AUGUST 30 MAGNETIC STORM 
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EXPLORER XI : CdSTE (BACKGROUND CORRECTED) 
STORM -TIME VARIATION FOR 
THE AUGUST 30 STORM j/ p o l  0 
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EXPLORER XII : SPB STORM -TIME VARIATION 
FOR THE AUGUST 30 STORM 
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EXPLORER XTT 
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